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Ethylene oligomerization reactions catalysed by cyclometallated palladium(II)  
N-benzylidenebenzylamine complexes were studied theoretically. Density functional theory 
(DFT) calculations are reported on the interaction of various MAO models with the 
methylated pre-catalyst. The neutral MAO dissociation process is shown to remain the major 
interaction that takes place in the Pd/MAO interactions. On the other hand, the formal methyl 
abstraction process could be also feasible if more energy is provided. Therefore, the relative 
energies were calculated for intermediates and transition states for both Cossee-type and 
metallacycle mechanisms. The Cossee-type mechanism was found to be more likely due to 
the favourable thermodynamics calculated with each uptake of ethylene compared to the 
metallacycle mechanism. From the DFT results, the difficulty of forming the  
trans-methylpalladium(II) species III-s (where PPh3 is trans to the N atom) is the key factor 
resulting in the low activity of the ethylene oligomerization reactions. The high energy barrier 
for the cis/trans isomerization process prior to ethylene uptake results in the formation of 



















On the experimental side, cyclometallated platinum(II) PPh3 complexes were synthesized as 
model complexes of the palladium pre-catalysts from dmso-ligated precursors. The 
methylation reaction of the trans platinum(II) complex C4 was found to be consistent with the 
DFT-calculated methylation reaction of the analogous palladium pre-catalyst, i.e., the cis-
methylplatinum(II) complex was produced as the major product. In addition, the 
salicylaldimine (N^O) platinum(II) analogues (e.g. C5b) were synthesized because 
salicylaldimine palladium(II) complexes are well established as pre-catalysts in ethylene 
oligomerization/polymerization. The influence of both N^C and N^O ligands in the 
platinum(II) complexes was investigated by analysis of their spectroscopic and structural 












were found to be generally more stable than their N^O analogues from both thermodynamic 
and reactivity points of view. Cyclic voltammetry results for the  
1,1'-bis(diphenylphosphino)ferrocene (dppf) complexes of these ligands confirmed that the 
N^C ligand is a better electron-donor ligand compared to the related N^O ligand, which could 



































































δ chemical shift 
° degrees  
°C degrees Celsius 
CV cyclic voltammetry 
  
DCM dichloromethane 
DFT density functional theory 
DMSO dimethyl sulfoxide 
d doublet 
dd doublet of doublets 
ddd doublet  of  doublet of doublets 
dppf 1,1'-bis(diphenylphosphino)ferrocene 
dt doublet of triplets 
  
EASC ethylaluminum sesquichloride 
EI-MS electron impact mass spectrometry 















Et2O diethyl ether 
  
FT-IR Fourier transform infrared spectroscopy 
  
g gram(s) 









J coupling constant 
  
MHz megaHertz 
Me methyl (CH3) 
m multiplet 
M.p. melting point 
m/z mass to charge ratio 
MAO methylaluminoxane 




Mn number average molecular weight 
  
NMR nuclear magnetic resonance 
  
PE polyethylene 
PES potential energy surface 
Ph phenyl 
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Chapter 1 






-Olefins in the range C4 – C20 are widely used as co-monomers in the polymerization of 
ethylene to give linear low-density polyethylene (LLDPE)
1
 or for the preparation of 
detergents and synthetic lubricants.
2–4
 There are four main processes that can produce  
-olefins: (i) the cracking of paraffins, (ii) the dehydrogenation of paraffins, (iii) the 
dehydration of alcohols, and (iv) the oligomerization of ethylene.
5
 These reactions can be 
classified as either elimination reactions (i-iii) or chain-growth reactions (iv). The first three 
processes have become less important for the preparation of -olefins with the result that the 
oligomerization of ethylene has become the main source of -olefins in industry.
6
 Therefore, 
there is considerable current academic and industrial interest in catalytic ethylene 
oligomerization. The search for new catalysts for the oligomerization of olefins has received 
much attention over recent years. 
 
The first transition metal catalysts for oligomerization of ethylene were developed by Ziegler 
and Natta. Linear -olefins were produced by the Ziegler (Alfen) process which consists of a 
controlled oligomerization of ethylene in the presence of AlEt3 at 90–120 
o
C at a monomer 
pressure of 100 bar.
7–9
 Since then, transition metal catalysed dimerization and oligomerization 
of mono-olefins and the related organometallic chemistry have been extensively studied, and 
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Table 1.1 Comparative characteristics of activity and selectivity of transition metal complexes in the 





Currently catalysts used for commercial production of linear -olefins are either compounds 
of early transition metals such as titanium tetrachloride in combination with alkylaluminium 
activators or late transition metal compounds, especially, nickel(II) complexes bearing 
bidentate mono-anionic ligands (the SHOP process).
11–15
 Further research has been focused 
on late transition metal catalysts as alternatives for olefin oligomerization due to the fact that 
these complexes generally exhibit reduced activities for olefin insertion relative to early metal 
catalysts. In this case -hydride elimination typically competes with chain growth, resulting in 
the formation of dimers and oligomers.
10





 and palladium (Table 1.2) in conjunction with chelating ligands have been found to 
be effective catalysts for the oligomerization of olefins.   
 
Among the known systems, palladium complexes have generally been less applied in olefin 
oligomerization presumably due to their relatively low activity. However, since palladium 
chloride was considered as a catalyst for the dimerization of ethylene in various solvents,
18
 a 
variety of palladium complexes has been reported, which are potentially capable of catalyzing 
the oligomerization reactions. In the next section of this chapter, we review palladium 
complexes with various ligand systems and their use as catalyst precursors for the 
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palladium catalysts in the oligomerization reactions and possibly to improve their 
performance, a range of reaction parameters were also evaluated in this chapter. 
 
1.2 Palladium Catalysts for Ethylene Oligomerization 
 
Active palladium ethylene oligomerization catalysts can be generated from neutral or cationic 
catalyst precursors bearing a range of ligand systems with coordination modes such as 
bidentate N^N, P^N, P^O etc. (Table 1.2). The applications of these chelate ligands in the 
oligomerization and polymerization of -olefins and of ethylene in particular, have recently 
been reviewed in detail.
19–22 
The significant steric and electronic asymmetry of these 
heteroditopic ligands can possibly have a considerable impact on controlling the selectivity in 
oligomerization reactions occurring at metal centres.
23,24
 Another advantage of these ligands 
is the ease and flexibility of synthesis. Many of these ligands were synthesized following 




 dichlorides and methyl(chloro)palladium complexes are generally prepared 
(unless otherwise specified) by treatment of [PdCl2(COD)] or the more labile 
[PdCl2(MeCN)2], and [PdMeCl(COD)] with the appropriate bidentate ligands in CH2Cl2 or 
Et2O, respectively to give yellow-orange solids with a square-planar coordination 
geometry.
25–29

















, where Ar‟ = 3,5-(CF3)2-(C6H3)] were prepared by addition of the 
appropriate halide abstraction reagents to their neutral methyl(chloro) precursors (Eq. 1.1). 
The obtained complexes maintain the nearly ideal or distorted square-planar geometries 




























After the initial observation by Keim,
33
 it has become clear over the last decade that careful 
tuning of ligand properties and choice of appropriate co-catalysts can lead to either oligomers 
or polymers. Modifications of the steric and electronic properties of the donor function of the 
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despite extensive research, the influence of a ligand on catalytic properties of a transition 
metal complex is still very hard to predict.
34
 Many investigations have been reported on the 
effect of ligand systems or environments in palladium complexes in ethylene oligomerization 
reactions, e.g., the effect of systematic changes of the backbone in a series of closely related 
ligands,
35
 the effect of changes in chelating properties,
36
 etc. An overview of the catalytic 
results obtained with various Pd
II
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Table 1.2 Palladium complex-based catalytic systems for ethylene oligomerization reactions. 
Catalytic systems Reaction conditions Products Activity/remarks Ref 































1a, R = H
1b, R = Me
MAOMn = 1624  
T = 10 & 30 
o
C, P = 5 atm, t = 1 h, 
Solvent = Toluene (50 ml), 
Amount of catalyst = 5 mol, 
Al:Pd = 1500 
Butenes (27.5 – 34.4%) and 
hexenes(54.9 – 64.1%) and a small 
amount of higher olefins 
(7 – 10.8%) 
Substantially high activities up to  
42.66 x 10
7












2a, R1 = Me, R2 = H
2b, R1 = Et, R2 = H
2c, R1 = i-Pr, R2 = H
2d, R1 = Me, R2 = Me
2e, R1 = F, R2 = H
2f, R1 = Cl, R2 = H
2g, R1 = Br, R2 = Me
MAO
 
T = 20 
o
C, P = 8 atm, t = 1 h, 
Solvent = Toluene (150 ml), 
Amount of catalyst= 5 mol, 
Al:Pd = 1000 
Butenes in mixture with 
polyethylenes (PEs) 
Moderate activities up to  




















T = 30 
o
C, P = 6 atm, t = 18 h, 
Solvent = CH2Cl2 (60 ml), 
Amount of catalyst= 40 mol 
Light oligomers (C4-C20) 
 
Moderate activities up to  
160g (g of Pd x h x bar)
-1
. 




























4a, R = Me; 4b, R = Ph  
T = 20 – 120 
o
C, P = 3.4 – 34 atm, 
t = 2,5 & 24 h, 
Solvent = Toluene (70 ml), 
Amount of catalyst = 6, 11 – 14 mol 
Oligomers with molecular weight 
(Mn) in the range of 200-600 g/mol 
and branching density from 20 to 
60 br./1000 carbons. 
Moderate activities with maximum 














5a (G0) 5b (G1)
 
T = 40 
o
C, P = 0.99 atm, t = 1 h, 
Solvent = Toluene (30 ml), 
Amount of catalyst = 20 mol, 
Al:Pd = 400 
Higher carbon oligomers 
(C10, C12, C14+). 









6a, R1 = R2 = Me, R3 = H
6b, R1 = H, R2 = Si(p-tol)3, R
3 = H
6c, R1 = R2 = R3 =H




6a-c, Z = B(C6F5)4; 6d, Z = SbF6  
6a: 
T = 23 
o
C, P = 1 atm, t = 22 h, 
Solvent = CH2Cl2 (30 ml), 
Amount of catalyst = 30 mol 
6b: 
T = -10 & 25 
o
C, P = 2.7 & 30 atm, 
t = 18 h, 
Solve t = CH2Cl2 (20 ml) 
Amount of catalyst = 30 mol 
 
Linear internal C8 - C24 olefins (ca. 
0.1 branches per 2 carbons) for 6a. 
Branched C6-C20 internal for 6b. 
A mixture of 1-butene and cis- and 
trans-2-butenes for 6c-d. 















T = -60 
o
C, P = ca. 96 mol, 
Solvent = CD2Cl2 (0.7 ml), 
Amount of catalyst = 16 mol 
1-butene, cis- and trans-2-butenes. 
1-butene:2-butene = 1:6, cis-
























8b, R = CH3
8c, R = butoxy
8d, R = octyloxy  
T = 20 
o
C P = 5 atm, t = 5 h, 
Solvent = CH2Cl2 (5 ml), 
Amount of catalyst = 0.19 mmol 
Butenes, hexenes and longer 
alkenes up to C20. 




















9a, R = H
9b, R = nHex
9c
9d  
T = -60 
o
C, P = ca. 4 -10 equiv, 
Solvent = CD2Cl2 (0.7 ml), 
Amount of catalyst = 16 - 31 mol 
A mixture of 1-butene and cis- and 
trans-2-butenes. 








T = -25 
o
C, t = ca. 5 min, 
excess ethylene 
Solvent = CDCl3 (0.7 ml), 
catalyst = 10 mg 











T = 25 
o
C, P = 13.6 atm, t = 1 h, 
Solvent = CH2Cl2 (100 ml), 
Amount of catalyst = 97 mol 



































12a, R = H, X = Cl
12b, R = H, X = Me
12c, X = Cl





13a, R = H, X = Cl
13b, R = H, X = Me




T = 25 
o
C, P = 0.99 atm, 
t = 60 min, 
Solvent = Toluene (100 ml), 
Amount of catalyst = 10 mol, 

























T = 25 
o
C, P = 13.6 atm, t = 1 h, 
Solvent = CH2Cl2 (100 ml), 
Amount of catalyst = 97 mol 
A statistical (Schulz-Flory) 
distribution of olefins up to C24 for 
14a, and only C4 olefins for 14b. 
Moderate activities up to  
1.57 x 10
4


















15a, n = 1, R1 = R2 = CH3
15b, n = 1, R1 = R2 = iPr
15c, n = 2, R1 = R2 = CH3
15d, n = 2, R1 = R2 = iPr
15e, n = 2, R1 = OCH3, R
2 = H
















T = 70 
o
C, P = 29.6 atm, t = 2 h, 
Solvent = CH2Cl2 (20 ml), 
Amount of catalyst = 50 mol 
C12 – C34 oligomers with a Schulz-
Flory distribution 
Moderate activities up to 
























16a, R1 = H, R2 = Mes, R3 = Me
16b, R1  = Ph, R2 = Mes, R3 = Me
16c, R1 = Ph, R2 = R3 = Me





T = 80 
o
C, P = 394.8 atm, 
t = 3 & 15 h, 
Solvent = Toluene (100 ml), 
Amount of catalyst = 10 mol, 




16a-b: low catalytic activity 
(TOF = 510 h
-1
 for 16a, 110 h
-1









17a, Ar = 2,6-di-i-propylphenyl;
17b, Ar = 2,4,6-trimethylphenyl
Me
(Mes* = 2,4,6-tri-tert-butylphenyl)  
T = 26 
o
C, P = 27.2 atm, 
t = 3 & 15 h, 
Solvent = CH2Cl2 (100 ml), 
Amount of catalyst = 10 mol 
Oligomers with Mn in the range of 
180 to 670 g mol
-1
. 


















T = 30 
o
C, P = 9.9 atm, t = 2 h, 
Solvent = Toluene (25 ml), 
Amount of catalyst = 100 mol 
C4 – C6 olefins 
Low activity 

















T = 30 
o
C, P = 9.9 atm, t = 2 h, 
Solvent = Toluene (25 ml), 
Amount of catalyst = 100 mol 
Butenes (41 – 63%) and a 
significant amount of higher 
olefins. 
Low activities up to 







































C, P = 9.9 atm, t = 2 h, 
Solvent = Toluene (25 ml), 
Amount of catalyst = 100 mol 
Short-chain oligomers (C4-C10) 
with C4 as major products. 
Low activity up to 









T = 25 
o
C, P = 9.9 & 59.2 atm, 
t = 1 h, 
Solvent = CH2Cl2 (30 ml), 
Amount of catalyst = 50 mol 
C8 to C32 oligomers 
along with olefins with a chain 











22a-d, R = Ph
23a-d, R = NPri2
a, Ar = Ph
b, Ar = 3,5-Me2-C6H3
c, Ar = 2,4,6-Me3-C6H2
d, Ar = 2,6-iPr2-C6H3
MAO
EtAlCl2  
T = 25 
o
C 
Amount of catalyst = 50 mol, 
MAO: P = 0.99 atm, t = 30 min, 
Solvent = Toluene (100 ml), 
[Al]: [Pd] = 500. 
EtAlCl2: P = 9.9 atm, t = 3 h, 
Solvent = Toluene (20 ml), 






















































25a, L = Et2O
t
t
25b, L = NCMe  
T = 25, 60, 80 
o
C, 
P = 1, 13.6 atm, 
t = 3 h, 
Solvent = Toluene (100 ml), 
Amount of catalyst = 3.88 & 10 mol 
Oligomers with Mn in the range of 































26a: n = 1, L = dppmO
26b: n = 2, L = dppeO
26c: n = 1, L = dtolpmO
27a: n = 1, L = dppmO
27b: n = 2, L = dppeO
27c: n = 1, L = dtolpmO
 
T = 70 
o
C, P = 29.6 atm, t = 2 h, 
Solvent = CH2Cl2 (20 ml), 
Amount of catalyst = ca. 0.05 mmol 
C4 – C12 oligomers with a Schulz-
Flory distribution, in which 
butenes are the major products 
(65 – 85%) 
Moderate activity, 














28a, Ar, Ar' = C6H5
28b, Ar, Ar' = 2,4,6-(CH3)3C6H2
28c, Ar = 2,4,6-(CH3)3C6H2; Ar' = C6H5  
T = 25 
o
C, P = 13.6 atm, 
t = 0.5 & 1 h, 
Solvent = Toluene (105 ml), 
Amount of catalyst = 3.24 mol 
Mainly butenes and a small amount 
of hexenes 
Moderate activity, 





















T = 70 & 100
o
C, t = 1 h, 
[ethylene] = 528 or 560 mmol 
Solvent = Toluene (260 ml), 
Amount of catalyst t= 10 mol, 
Al:Pd = 500. 
Mainly butenes, 10% of hexenes 
and trace amounts of octenes. 
Moderate activity, 


































T = 25 
o
C, P = 5.4 atm, t = 24 h, 
Solvent = Toluene (70 ml), 
Amount of catalyst = 6, 11 – 14mol 
C4 – C18 oligomers with a Schulz-
Flory distribution 
( = 0.69). 



















T = 85 
o
C, P = 54 atm, t = 3 h, 
Solvent = CH2Cl2 (20 ml), 
[29a] = 0.23, 0.26 mmol, 
[29b] = 0.33 mmol 
 
Butenes 




























32a, R = Ph
32b, R = cHex
32c, R = Ph
32d, R = cHex
 
T = 70 
o
C, t = 1 h, 
[ethylene] = 528 or 560 mmol 
Solvent = Toluene (260 ml), 
Amount of catalyst = 10 mol, 




















EASC33a, R = Me
33b, R = Et
33c, R = iPr
 
T = 30 & 50
o
C, P = 1.3 bar, 
t = 30 min, 
Solvent = Toluene (80 ml), 
Amount of catalyst = 5 mol, 
Al: Pd = 300 
C4 – C20 oligomers, nearly 75% 
butane, 5%-10% C6 and C8, traces 
of higher olefin content 
Up to 1308 x 10
3























T = 90 
o
C, P = 300 psi, 
t = 2 h, 
Solvent = Toluene (5 ml), 
Amount of catalyst = 30 mol 
Oligomers with Mn less than 


























35a, R = Me, X = O
35b, R = Me, X = S
35c, R = tBu, X = O EtAlCl2
35d, R = tBu, X = S




C, P = 5 atm, t = 120 min, 
Solvent = Toluene (50 ml), 
Amount of catalyst = 9.0 mol, 
Al: Pd = 500 
C10 and C12 oligomers 
Moderate activity up to 
1.1 x 10
6










36a, R = 2,4,6-tri-i-propylphenyl
36b, R = t-butyl
(Mes* = 2,4,6-tri-tert-butylphenyl)  
T = 26 
o
C, P = 27.2 atm, 
t = 3, 15 h, 
Solvent = CH2Cl2 (100 ml), 
Amount of catalyst = 10 mol 
Oligomers with Mn in the range of 
180 to 215 g mol 
-1 
for 32a, and a 
mixture of internal butenes for 32b 
Moderate activity, 




















T = 0, 30, 70 and 110 
o
C, 
P = 10.2, 20.4 & 34 atm, 
t = 12 & 24 h, 
Solvent = CH2Cl2 (30 ml), 
Amount of catalyst= 30 mg 
C6 – C16 oligomers 

























38a: R = H
38b: R = Me  
Ethylene: t = ca. 5 min, 
Solvent = CDCl3 (1 ml), 
catalyst = 20 mg ; 
Styrene: t = 15 h, 
Solvent = CDCl3 (1 ml), 
Styrene = 1 mmol 
catalyst = 10 mg; 
Substituted styrenes: t = 15 h, 
Solvent = CDCl3 (1 ml) 
Substituted styrene = 50 – 70 equiv 
Dimerization and/or trimerization 
of ethylene, styrene and p-
fluorostyrene; oligomerization of 






















T = 30 
o
C, P = 34 atm, t = 24 h, 
Solvent = CH2Cl2 (30 ml), 
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1.2.1 Complexes with N^N chelates 
 
1.2.1.1 -Diimine ligands 
-Diimine complexes have been widely applied in ethylene oligomerization/polymerization 
reactions. These complexes were found to catalyze the polymerization of ethylene. By 
reducing the steric bulk of the ligand backbone, in particular the ortho substituents (R
1
) on the 



















The effect of substituents in the para-position (R
2
) was studied by Moss et al.
40
 Different 
sizes of dendritic wedges (G0 and G1) were introduced into the aryl ring of the -diimine 
ligands on the para-position (R
2
). The corresponding Pd
II
 complexes 5a and 5b, along with a 
literature complex 5c (R
2
 = H), showed activity towards ethylene oligomerization when using 
MAO as a co-catalyst. Higher carbon oligomers (C10, C12, C14+) were detected. The activity 




Cationic complex 7 was generated in situ according a similar procedure showed in Scheme 
1.2 (section 1.2.1.3). When excess ethylene was treated with 7, a mixture of 1-butene and cis-, 
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1.2.1.2 Iminopyridine ligands 
Iminopyridine ligands might be considered to be structurally related to both diimine and 
pyridyl diimine ligands, and the olefin polymerization/oligomerization behaviour of the late 






 complexes bearing asymmetrical (imino)pyridines (2 and 3) have been reported to 













R1 R2 R3 R
4 X Y Z
3a & 3b
iPr H Me H Me NCMe
2a Me H Me
CO2Me Cl Cl NA
2b Et H Me
2c iPr H Me
2d Me Me Me
2e F H Me
2f Cl H Me
2g Br Me Me














catalysed the oligomerization of ethylene with production of light 
oligomers (C4 – C20) and activity up to 160 g (g of Pd x h x bar)
-1
, and is regarded as an 
efficient long-lived catalyst.
30
 Upon activation with MAO, neutral Pd
II
 dichlorides 2a-g 
produces butenes and polyethylenes (PEs) with oligomerization activities up to 180 g (g of Pd 
x h x bar)
-1
. The dimerization activity decreased with increasing size of the alkyl substituents 
(R
1
) (2a > 2b > 2c) or decreasing the eletronegativity of the alkyl substituents (R
1
) (2e > 2f > 
2g).
38
 On the other hand, when bulky groups were introduced into the pyridine ring, the 
sterically encumbered palladium complexes 40 showed good activity towards ethylene 












Gibson and co-workers prepared a series of pyridyl- and quinolyl-N-substituted ferrocenyl 
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However, there was no activity towards ethylene oligomerization for these Pd
II
 complexes 




















12a, R = H, X = Cl
12b, R = H, X = Me
12c, X = Cl





13a, R = H, X = Cl
13b, R = H, X = Me

































1a, R = H






















Lig a, R = H

























Scheme 1.1 Synthesis of tri-nuclear polymeric macroligated palladium(II) complexes. 
 
Furthermore, multi-nuclear macroligated pyridylimine-based Pd
II
 complexes were prepared 
by Kim and co-workers.
37
 The pyridylimine ligands were functionalized at the chain ends of a 
multi-arm synthetic star polymer and subsequently reacted with (COD)PdCl2 to generate the 
corresponding macroligated Pd
II
 complexes 1 (Scheme 1-1). 1 showed substantially high 
activity (up to 42.66 x 10
7
 g x (mol Pd x h x atm)
-1
) towards ethylene oligomerization on 
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1.2.1.3 Bis(N-heterocycle)methane ligands 
Bis(N-heterocycle)methane donor ligands represent another group of N^N chelates whose 





 The chemistry of (N^N)Pd(Me)(H2C=CH2)
+
 complexes incorporating 
bis(pyrazoyl)methane ligands, 6 and 9, was studied by Jordan and co-workers.
25,41,42 
Most of 
these species undergo ethylene insertion at low temperature and dimerize ethylene to butenes 
at room temperature, except cation 6a, which oligomerizes ethylene to predominantly linear 







6a, R1 = R2 = Me, R3 = H
6b, R1 = H, R2 = Si(p-tol)3, R
3 = H
6c, R1 = R2 = R3 =H






















9a, R = H




It has been shown (Scheme 1.3) that the dimerization of ethylene by (N^N)PdR
+
 systems 
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1.2.1.4 Phenanthroline and bis(azaferrocene) ligands 
The phenantroline-based Pd (8a-d, 10) cations containing sterically small N^N ligands
 
were 
reported to catalytically dimerize ethylene to form butenes.
43,44 
These catalysts appear to be 
unstable and are generated in situ from addition of ethylene to their cationic precursors in 
methylene chloride at -25 
o






































Scheme 1.3 Synthesis of phenatroline-based palladium (II) complexes. 
 
When using 10 as catalyst, a mixture of butenes was formed with a composition of  
trans-2-butene (60-65%) > cis-2-butene (30-35%) > 1-butene (5-10%). The formation of 
hexenes and longer olefins up to C20 were observed besides butenes when using 8a-d as 
catalyst.  
 
Recently, an air-stable complex 11, of the same type as 10, was synthesized by Brookhart and 
co-workers. The treatment of (Phen)PdMeCl with NaB(ArF)4 (ArF = fluorinated aryl) and  
3,5-bis(trifluromethyl)benzonitrile in methylene chloride at room temperature yielded the 
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Bisazaferrocene ligands comprise a different type of bidentate nitrogen ligand which have 
bulky pentamethyl or pentaphenyl cyclopentadiene (Cp* or Cp
o
) rings above and below the 
coordination plane. Their C2-symmetrical and asymmetrical cationic Pd
II
 complexes 4 were 
reported by Salo and Guan
39
 to oligomerize ethylene giving oligomeric PEs with Mn in the 
range of 200 – 600 g mol
-1















4a, R = Me; 4b, R = Ph  
 
The asymmetrical complex 4b was found to be less active and less thermally stable than the 
symmetrical analogue 4a, and both are significantly less productive than the -diimine 
counterparts.  
 
1.2.2 Complexes with P^N chelates 
 
Unsymmetrical bidentate ligands with nitrogen and phosphorus donor atoms (P^N ligands) 
have attracted considerable attention in the field of transition metal catalysis.
23,64
 Nitrogen 
donor atoms in most P^N bidentate ligands reported in the literature are often bound to an 
aromatic system or are in the form of an amino- or imino-group. The P^N chelates are 
particularly interesting because of the difference in trans-effect of the different donor and 
acceptor properties of the two coordinating groups in the ligand. An advantage of these 
ligands can be the improved thermal stability during catalysis; for example nickel complexes 
with P^N ligands often show much higher thermal stability than related N^N ligand 
complexes.
47,65
 P^N ligands are known to bind to Pd in a unique way: the soft P atom 
coordinates very strongly to Pd whereas the hard N donor is relatively weakly bound.
66
 These 
features might be exploited in tuning the reactivity of Pd complexes in olefin coupling 
reactions. Until now, many efforts have been made to investigate this observation. In ethylene 



















1.2.2.1 Phosphino- and phosphaalkene-imine ligands 
The phosphino-imine ligands of type L2 developed by Shell,
67
 Feringa et. al.
68
 and Rush et. 
al
.69
 with varying R groups on either the phosphorus- or nitrogen-bound phenyl substituent, 







1 = Ph, R2 = R3 = H
L2-b, R
1 = Ph, R2 = Me, R3 = H
L2-c, R
1 = Ph, R2 = iPr, R3 = H
L2-d, R
1 = p-CH3OPh, R
2 = iPr, R3 = H
L2-e, R
1 = m-CH3OPh, R
2 = iPr, R3 = H
L2-f, R
1 = o-CH3OPh, R
2 = H, R3 = Cl
L2-g, R
1 = o-CH3OPh, R
2 = R3 = H
L2-h, R
1 = o-CH3OPh, R




 triflate and p-toluenesulfonate complexes bearing ligands L2
67
 and an in situ catalytic 
system comprising palladium acetate, one equivalent of L2 and two equivalents of p-tolyl-
sulfonic acid catalyze the oligomerization of ethylene.
69
 The product distribution shifted from 




 substituents were 
increased. The use of electron-releasing groups for R
3
 considerably increased the reaction 
rate.  
 
Besides studying the effects of different R groups on P- and N-bound phenyl substituents, the 




 complexes of the type 15 with cyclic -diphenylphosphino-ketoimines showed 
moderate catalytic activities in ethylene oligomerization and produced oligomers in the range 
of C12 to C34 with a Schulz-Flory distribution. Activity in propene and 1-butene 
oligomerization was also observed.
46
 By increasing the steric bulk of the substituent on the 
imine, or by using ligands with cyclohexylidene or cycloheptylidene backbones instead of 


























15a, n = 1, R1 = R2 = CH3
15b, n = 1, R1 = R2 = iPr
15c, n = 2, R1 = R2 = CH3
15d, n = 2, R1 = R2 = iPr
15e, n = 2, R1 = OCH3, R
2 = H

















Considering that the use of non-enolizable imine donors should be beneficial to catalyst 
thermal and chemical stability, Brookhart and co-workers examined the synthesis, structure 
and catalytic properties of various Pd
II
 complexes with bulky phosphine-
47
 and phosphaalkene 
-imine
36









16a, R1 = H, R2 = Mes, R3 = Me
16b, R1  = Ph, R2 = Mes, R3 = Me
16c, R1 = Ph, R2 = R3 = Me








17a, Ar = 2,6-di-i-propylphenyl;




If the bulky mesityl (Mes) substituent was introduced on phosphorus, complexes 16a-b 
oligomerized ethylene giving branched oligomers with Mn up to 660 at 80 
o
C. The catalytic 
activity of the aldimine-derived catalyst 16a was substantially higher than that of ketimine-
containing 16b. In contrast, diphenyl- and dimethyl-substituted complexes 16c-d showed 




By incorporating the phosphaalkene functionality into one arm of bidentate ligands, Pd
II
 
complexes 17a-b were obtained in a similar way to 16b.
36
 The complexes displayed moderate 
activity in the oligomerization of ethylene at 26 
o
C. An increase in turnover number with a 
concurrent drop of oligomer molecular weight (from 670 to 300) was observed when the 
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 complexes of types 22 and 23 bearing variously-substituted  












22a-d, R = Ph
a, Ar = Ph
b, Ar = 3,5-Me2-C6H3
23a-d, R = NPri2
c, Ar = 2,4,6-Me3-C6H2
d, Ar = 2,6-iPr2-C6H3  
 
1.2.2.2 Phosphino-pyridine ligands 
Palladium complexes bearing phosphino-pyridine ligands have been employed in many 
catalytic reactions including ethylene oligomerization.
27,28,35,48 
The molecular structures of 
neutral and cationic methylpalladium complexes show that the methyl coordinates cis with 
respect to the phosphine due to the larger trans influence of phosphorus compared to nitrogen. 
Similar to phosphino-imines, there are three types of modifications that can be applied on 
these ligands (Figure 1.1). These could then be incorporated into palladium complexes and 
applied in catalysis. These modifications include changing the (i) substituent on pyridine 
(18),
48
 (ii) phosphorus-bound aryl group (19, 21)
27,28 
and (iii) ligand backbone (20).
35
 These 





(i). Substituted group on pyridine:
offers the potential




of fine-tuning and steric bulk
(iii). Ligand backbone:
offers flexibilty and 
electron richness
 














 complexes 18 are typical examples of type (i) modification, i.e. the ligands differ 
in the steric bulk of the aromatic substituent at the pyridine 6-position. However, these 
complexes showed poor activity in ethylene oligomerization with almost negligible TOFs.
48
 
The coordinated pyridine-phosphine ligands in complexes 19 differ with respect to the aryl 
groups at the phosphine, which are 2-tolyl, 2-anisyl and mesityl for 19a, 19b and 19c 
respectively.
27
 These complexes all displayed very low activity. Contrast to this, complex 21, 
the neutral analogue of 19a, showed moderate activity for ethylene oligomerization after 





It is necessary to investigate the effect of systematic changes of the backbone in a series of 
closely related ligands and to study the effect of changes in chelating properties when metal 
complexes bearing these ligands are used in catalysis. With this purpose complexes such as 
20 and their nickel analogues prepared by Kamer and co-workers
35
 were tested for ethylene 
oligomerization. These cationic methylpalladium complexes showed a very low activity to 









































1.2.2.3 Phosphino-oxazoline and -quinoline ligands 
Phosphino-oxazoline palladium complexes have seldom been used in the oligomerization of 
ethylene, although the cations 14 were found to be active for ethylene oligomerization.
45
 14a 
has a unique axial Pd···H interaction, which was revealed by the X-ray structures of its neutral 
analogue 41 and the previously reported palladium dichloride complex 42.
71
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was observed to provide sufficient steric bulk and resulted in oligomerization of ethylene by 
14a producing a Schulz-Flory distribution of -olefins ranging from C4 to C24. In contrast to 
this, 14b, which had similar electronic properties to 14a but lacks the axial C-H···Pd 
































Consiglio and co-workers prepared four ligands with 8-substituted quinoline as a backbone in 
order to change the properties of the (P^N) ligands. However, their palladium complexes 24 


























24a 24b 24c 24d  
 
1.2.3 Complexes with P^O chelates 
 
The Shell Higher Olefin Process (SHOP), developed by Keim, is one of the well-known 
catalytic processes in homogeneous catalysis.
7
 This technology makes use of neutral 


























Figure 1.2 Representation of two SHOP catalysts bearing P^O ligands 
 
The first palladium analogues of neutral SHOP-type nickel catalysts were reported by 
Braunstein and co-workers in 1996.
73,74
 The cationic palladium analogues, 25, 28 and 31, 





Palladium complexes 25a-b based on the phenacyl-di-tert-butylphosphine ligands were found 




, Mn  350) in which the 
degree of branching decreases with increasing ethylene concentration.
49
 Cationic palladium 
methyl acetonitrile complexes 28a-c with phenacyl-diarylphosphine ligands showed modest 




) for oligomerization of ethylene but displayed short catalyst 
lifetimes. 28a and 28c generated butenes, while 28b formed a mixture of butenes and hexenes 
at high ethylene pressure.
51
 The effect of adducts (L) in these complexes was also found to 
have an important role in the catalytic activity. The more labile ether complex 25a is typically 
more reactive than the acetonitrile adduct,
49
 while complex 31a, which is a PPh3 adduct, 
showed much lower acti ity (TON = 164 h
-1
) towards ethylene dimerization.
54
 A similar 









































The allylpalladium phosphinophenol tetrafluoroborate 29, demonstrated moderate activity 
(reaching a maximum of 4.29 x 10
3




) toward ethylene oligomerization, 
forming a mixture of butenes and smaller amounts of hexenes. Heating was necessary to 
initiate the catalytic reaction. The methylalylpalladium phosphinophenolate acetic acid 








































32a, R = Ph
32b, R = cHex
32c, R = Ph
32d, R = cHex  
 
Cationic allyl and methyl palladium complexes 26 and 27 with the monoxides of diphosphine 
ligands dppm, dppe and dtolpm were prepared by Suranna and co-workers, and used in the 
catalytic oligomerization of ethylene to form C4 – C12 oligomers.
50
 It was found that not only 
the coordination mode of the ligand but also the catalytic results were dependent on the 
backbone. The selectivity to linear -olefins of five ring chelates (dppmO, dtolpmO) was 
higher than six-membered rings (dppeO), and the values of Schulz-Flory distribution were 
rising in the order: dppmO < dtolpmO < dppeO. Moreover, the cationic methyl complexes 

































26a: n = 1, L = dppmO
26b: n = 2, L = dppeO
26c: n = 1, L = dtolpmO
27a: n = 1, L = dppmO
27b: n = 2, L = dppeO
27c: n = 1, L = dtolpmO
dppmO = bis(diphenylphosphino)methane-monoxide
dppeO = 1,2-bis(diphenylphosphino)ethane-monoxide
dtolpmO = bis(di o-tolylphosphino)methane-monoxide  
 
The palladium complex [Li(Krypt211)[(OPO)PdMe(Py')] (30) was obtained using the method 
shown in Scheme 1.4.
53
 The corresponding ligand reacts with [PdMeCl(COD)] to yield  
{Li[(Li-OPO)PdMe(Cl)]}n 43 followed by addition of AgPF6 yielding 44. The reaction of 44 
with py' (py' = 4-(5-nonyl)pyridine) gives a self-assembled tetranuclear complex 
{Li[OPO]PdMe(py')}4 (45), which reacts with the cryptand Krypt211 yielding 28. The 
[OPO]
2-
 ligand of 28 binds to Pd as a P^O chelator. The precursors 43 – 45 behaved as 
catalysts for ethylene polymerization, while 30 produced only ethylene oligomers in good 
yield. This could be due to the free ArSO3
-

























































Scheme 1.4 Synthesis of [Li(Krypt211)[(OPO)PdMe(py‟)] 30. PF6 anion is omitted from compounds 
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1.2.4 Complexes with N^O chelates 
 
Complexes containing both relatively hard oxygen and relatively soft nitrogen donor atoms 
can also offer interesting and unique bonding properties that may have a direct influence on 
catalytic reactions. Nickel catalysts with N^O chelating ligands, modelled after the P^O 
ligands used in SHOP-type catalysts (e.g. Figure 1.2), have been well defined.
75
 In contrast, 
their palladium analogues have seldom been reported in olefin oligomerization and 
polymerization reactions except in some DFT studies. In these studies propylene 















R = Ph, Me; R' = H, t-But  
Figure 1.3 Active catalyst structures of Grubbs complexes in propylene polymerization 
 
It was only quite recently that the N^O ligated palladium complex 34 was reported to catalyze 
ethylene oligomerization and produced oligomers with molecular weights (Mn) less than 700. 












Budagumpi and co-workers synthesized binuclear palladium complexes having N^O ligands, 
33a-b, according to Scheme 1.5.
55
 All the complexes were reported to efficiently oligomerize 
ethylene in combination with EASC (ethylaluminum sesquichloride). The selective 
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moderate activities was observed. Their activities increased with the increasing size of the R 



















33a, R = Me
33b, R = Et






































1.2.5 Complexes with other ligands 
 
Besides the N^N ligands mentioned above, mono-pyrazolyl nitrogen donor ligands have been 
found to be tuneable to modify electronic and steric effects. Pyrazolyl and pyrazole Ni(II) and 
Pd(II) have been found to be good catalysts for ethylene polymerization.
77
 For ethylene 
oligomerization reactions, palladium complexes bearing furoyl and thiophene carbonyl linker 
pyrazolyl groups such as in 35 were reported.
57
 The nature of the ligands appeared to have an 
effect on both the catalyst activity and product distribution. For example, 35e, with the less 
electron-donating phenyl group, showed the highest activity and the catalysts with furoyl 

















35a, R = Me, X = O
35b, R = Me, X = S
35c, R = tBu, X = O
35d, R = tBu, X = S






36a, R = 2,4,6-tri-i-propylphenyl





38a: R = H
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phosphaalkene-sulfide based palladium complexes 36 were prepared in order to compare the 
catalytic behaviour with their phosphinidine-imine analogues 17.
36
 Higher catalytic activity 
was observed in these P^S ligated complexes. The tert-butyl-substituted complex 36b 
produced a mixture of internal butenes, mainly cis-2-butene (2:1 of cis/trans), while the tri-
isopropylphenyl-substituted catalyst 36a produced oligomers with Mn = 215 at a moderate 
rate (TOF = 4300 TO/h). 
 
Ind ligands (Ind = indenyl and its substituted derivatives) are another alternative type of 
ligand for utilization in late-transition metal catalytic systems.
78
 For example, Ni-Ind 
complexes have been applied in the oligo- and poly-merization of olefins.
79
 The indenyl-
palladium complexes 38 with a triflate moiety were prepared by reacting their corresponding 
Pd-Cl derivatives with AgOTf.
58
 These complexes were found to isomerize 1-hexene, 
dimerize ethylene and styrene, dimerize and trimerize p-fluorostyrene, oligomerize  
p-X-styrenes (X = NH2, Me) and polymerize p-methoxystyrene.  
 
In order to study ligand effects of tridentate versus bidentate coordination on ethylene 


































Complex 37 catalysed the conversion of ethylene into oligomers (C6-C16 depending on the 
ethylene pressure), while complexes 39a-b were found to be inactive. The hemilabile ether 
donor in 37 played an important role during ethylene oligomerization and was easily replaced 
by a weakly coordinated ligand such as acetonitrile. The degree of oligomerization using 37, 
however, is poor when compared to that for the Pd
II
 unsymmetrical diimine systems (3a-b) 
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1.3 General Factors Affecting Oligomerization Reactions 
 
It has been demonstrated that using different heteroditopic ligands or varying substituents on 
the ligands has the potential for controlling the catalytic properties (Section 2.2). The 
influence of reaction conditions on selectivity, oligomer molecular weight distribution and 
yields is also significant. There are many factors that need to be investigated during ethylene 
oligomerization reactions. This section provides an overview on the effect of these factors on 
catalytic results.  
 
Solvent. The most commonly used solvents in ethylene oligomerization reactions are the 
relatively non-polar solvents, toluene and dichloromethane (see Table 1.2), although the 
choice of other solvents has been considered in some reports. The palladium dichloride 
complex 2d showed higher activity for ethylene dimerization in dichloromethane than in 
toluene.
38
 The same phenomenon was observed for cationic complexes 8a-b and 31a. The 
influence of the solvent was examined by reacting 8 in CH2Cl2, ether, THF or acetonitrile
43
 
and 31a in CH2Cl2, the molten salt, (BMI)PF6 (BMI = butylmethylimidazolium) or MeOH, 
respectively.
54
 Dichloromethane was superior in both cases. 
 
Reaction temperature.  With increasing temperature, the ethylene oligomerization catalytic 
activity
30,32,45,49,57 
and the amount of products
40,32
 increases, while the Schulz-Flory value
32,40 
decreases. The effect of reaction temperature on the nature of the oligomers produced is also 
very obvious. A distribution of higher olefins was always obtained at higher temperature for 
catalyst 37 (C12-C16 olefins at 70 and 100 
o




 In contrast to this, 




Al/Pd ratio. Ethylene oligomerization by neutral palladium complexes requires the use of 
aluminium containing co-catalysts such as AlEt3, methylaluminoxane (MAO) and modified 
MAO (MMAO) (MMAO = MAO containing 25 % isobutyl groups). It is observed that 
palladium catalysts commonly required a high amount of co-catalyst for activation towards 
oligomerization (Al/Pd = 400 – 1500) and an increase in Al/Pd ratio results in a general 




Ethylene pressure. Increasing the ethylene pressure, generally leads to an increase in catalytic 
activity being observed.
30,32,39,41,45,46,49,57 
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Reaction time. Oligomerization activity is generally observed to initially increase with 
prolonged reaction time,
32,36,47,51 





1.4 Mechanisms of Palladium-Catalysed Ethylene Oligomerization/Polymerization 
 
1.4.1 Overall mechanism 
 
Basically, the mechanism for olefin oligomerization is the same as that of ethylene 
polymerization. Both oligomerization and polymerization reactions catalysed by palladium 
can be represented by the overall mechanism shown in Scheme 1.6. It involves three main 
processes beyond initiation: (1) chain propagation, (2) chain isomerisation, and (3) chain 
transfer.
80
 In the case of ethylene oligomerization, chain transfer by -elimination has to occur 




In oligomerization/polymerization catalysed by palladium complexes, the chain initiation 
(Route 1) proceeds via coordination of an olefin to the open site of the square-planar metal 
centre (Pd-4) followed by di ect insertion of the coordinated olefin into the Pd-R bond 
without  the formation of any intermediate (Cossee-Arlman mechanism).
82
 For acyclic olefins, 
alkyl-olefin complexes of type Pd-4 have been observed as the resting states by NMR 
spectroscopy, while the alkyl cations Pd-5 exist as stable -agostic species in the absence of 
excess olefin or other Lewis bases.
83 
Repetition of the above steps results in the growth of a 
linear oligomer/polymer chain (Pd-5 → Pd-6 → Pd-7) (chain propagation, Route 2). This 
reaction is fast and first order in ethylene concentration. Complex Pd-5 can also produce the 
branched -agostic species Pd-11 involving an olefin hydride intermediate, Pd-10 (chain 
isomerisation, Route 3). The branched alkyl cation Pd-11 can continue with “chain walking” 
by -elimination and reinsertion with opposite regiochemsity, producing longer branches. 
Alternatively, Pd-11 can be trapped with ethylene, and subsequent insertion produces an 
oligomer/polymer chain containing a methyl branch along the backbone. Routes 4 – 7 are the 
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completely understood. Reaction 4 is slow and occurs by an associative displacement of the 
unsaturated chain from the olefin hydride complex Pd-10. The transfer rate is independent of 
the ethylene concentration (zero order in olefin); Molecular weights however increase with 
increasing monomer concentration. This route is applicable in the SHOP system.
84
 A similar 





Routes 5 and 6 represent two possibilities which could not be distinguished. Route 5 shows a 
slow reaction of Pd-10 with ethylene (Pd-13) leading to an alkene terminated polymer chain 
and a new metal ethyl initiator.
84
 In Route 6, chain transfer may occur from the alkyl olefin 
resting state, Pd-6, via intramolecular hydrogen transfer to ethylene forming a new growing 
ethyl chain as well. This route was suggested by computational studies by Ziegler.
85 
Since the 
ethylene complex Pd-6 and the olefin hydride complex Pd-10 are in equilibrium with the -
agostic alkyl complex Pd-5, a first order dependence in ethylene concentration for the chain 
transfer processes 5 and 6 can be observed, but the molecular weight distribution of the 
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1.4.2 Chain initiation, propagation and isomerization: NMR spectroscopic approach and 
computational insights 
 
Many mechanistic investigations of ethylene oligomerization/polymerization catalysed by 
well-defined palladium catalysts have been reported, including NMR spectroscopic studies 
complemented by theoretical calculations. Mechanistic details of these catalyst systems are 














































Scheme 1.7 NMR studied mechanistic details in ethylene polymerization reactions. 
 
The initiation reaction includes olefin coordination and insertion. Characterization of catalyst 
resting states, Pd-17, and measurement of insertion barriers were investigated by using low-
temperature NMR spectroscopy by Brookhart‟s group as well as other groups (Table 1.3). The 
ensuing first insertion of ethylene into the Pd-methyl bond is reported to be first order in 
catalyst, and the rate for this step was determined by monitoring the decrease of the integral 
for the Pd-Me signal in the NMR spectrum. 
 
Chain propagation is the reaction of olefin coordination and insertion giving a linear polymer. 
The rate for subsequent insertions for chain growth was determined from the turnover 
frequency based on the decreasing signal for free ethylene in solution by 
1
H NMR 
spectroscopy (Table 1.3). This rate was found to be zero order in ethylene. As shown in  
Table 1.3, the ethylene insertion barriers for the complexes with symmetrical ligands (e.g.  
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L27 – L34). This could be due to the fact that the asymmetrical ligands possibly provide less 
stabilization in the transition state than symmetrical ligands. In this case a larger 





The effects of substituents on these barriers were also observed. For -diimine-palladium 
complexes, increasing the bulk of the ortho substituents on the aryl groups of -diimine 
ligands L4 to L8 was observed to lower the barrier to insertions and an increase in TOF.
80
 For 
the palladium complexes containing bidentate phenacyl-diarylphosphine ligands L27 – L34, a 
decrease in the donor ability of either the diaryl phosphine ligand or the keto group were 
observed and results in a decrease the insertion barrier. An increase in the donor ability of 
either group increased the insertion barrier. This is consistent with the general notion that 
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= 18.5 ± 0.6 kcal/mol & ∆S1
ǂ
 = -3.7 ± 2.0 eu
 






= 14.2 ± 0.1 kcal/mol & ∆Ss
ǂ
 = -11.2 ± 0.8 eu
 






According to the study by Burns and Jordan,
42
 increasing the electrophilic character  
(N-heterocycle = imidazole < pyridine < pyrazole) and the steric bulk of the (N^N)Pd unit 





Barriers to insertion in (N^N)Pd(olefin)R
+





 There is reasonable quantitative agreement between the 
calculated barriers and experimentally measured barrier (see Table 1.4). For model systems of 
the type (HN=C(H)C(H)=NH)Pd(olefin)R
+
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were in the range of 16.2 to 16.7 kcal/mol according to different calculations. Moving to the 
system bearing bulky ortho-disubstituted aryl groups and with a substituted backbone, L5, an 
insertion barrier of 14.1 kcal/mol was reported by Morokuma.
87
 In this case the experimental 




The isomerisation reaction is suggested to arise from so called “chain walking”. This involves 
rapid -hydride elimination from a normal metal alkyl intermediate; Pd-18 giving a 
hydridometal-olefin complex Pd-21 followed by reinsertion of the olefin into the metal-
hydride bond provides iso-alkylmetal species Pd-22, and subsequent chain growth from the 
iso-alkylmetal complex. Theoretical calculations have been reported for -agostic n-propyl 
and isopropyl Pd--diimine compounds and it was found that the -agostic isopropyl species 
was favoured by 0.5 to 2.0 kcal/mol (see Table 1.4).
87
 The chain isomerisation barriers were 
calculated to be ca. 5 kcal/mol for the “model” system.
86–88 
It was however found to be 0.2 
kcal/mol for the “real” system (with L5).
87
 This is consistent with the suggestion by 
Brookhart
59(b)
 that increase steric bulk of the diimine ligand leads to an increase in branching.  
 











∆G (kcal/mol) ∆G (kcal/mol) 
NHHN
model  
B3LYP/BSI 16.7 17.5 5.8 
86 
B3LYP/MM3 16.2  5.4 
87 




B3LYP/MM3 14.1 (17.2*)  0.2 
87 




In the NMR spectroscopy study, Brookhart and co-workers
80
 did not directly observed a  
-agostic n-propyl species. On the contrary, the static spectra obtained below ca. -110 
o
C 
were consistent with a -agostic isopropyl species. ∆G for the n-propyl/ isopropyl equilibrium 
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1.5 Conclusions  
 
Due to the fact that the demand for linear -olefins in the C4 – C10 range is growing fast, the 
catalytic oligomerization of ethylene has attracted much research interest. This has led to an 
effort to identify and fine-tune the parameters that influence the activity and selectivity of 
suitable catalysts. In this chapter, we have reviewed palladium complexes with various 
chelating ligands such as N^N, P^N, P^O, N^O, etc., and their use as catalysts or catalyst 
precursors for homo-oligomerization of ethylene.  
 
These comparative studies showed that changing the coordination properties of ligands by 
simple modification of the ligand architecture and the incorporation of various substituents 
can result in beneficial effects on ethylene oligomerization reactions. For example, within the 
family of P^N ligands, variables include the basicity of the N-donor moiety, from pyridines to 
less basic oxazolines, and the stereoelectronic properties of the phosphorus donor, from a 
phosphine to a phosphinite or phosphonite type. Moreover, effects of varying reaction 
parameters such as the kind of solvent, reaction temperature and time, ethylene pressure and 
catalyst composition, i.e., Al/Pd ratios, have been found to influence the catalytic activity, 
selectivity, Schulz-Flory distribution and product yields.  
 
Both experimental and theoretical studies of palladium-catalysed ethylene 
oligomerization/polymerization have been reported. In one sense, these studies can be divided 
into two distinct classes: 1) the adjustment of ligands, co-catalyst, and solvent in an attempt to 
improve the existing technology, and 2) the search for alternative catalysts.  
 
As far as highly active palladium catalysts are concerned, these are relatively rare. This means 
that research into improving the production of specific short-chain -olefins through more 
active, selective, and stable palladium catalysts will continue to attract attention. The search 
for new transition metal catalysts for olefin oligomerization/polymerization, which includes 
the synthesis of new functional ligands, their coordination chemistry, and the systematic study 
of the catalytic properties of their metal complexes, will retain its important position in the 
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Among the palladium catalysts for ethylene oligomerization, complexes containing nitrogen 
donor ligands are the most reported in the literature (see Table 1.2). In an attempt to search for 
new palladium catalysts with nitrogen donor ligands, a series of new cyclometallated 
palladium complexes bearing N-benzylidenebenzylamines, I, were synthesized by Mungwe 
and Swarts in Mapolie‟s group at Stellenbosch University recently.
91
  
N-benzylidenebenzylamines combine with palladium as bidentate ligands through a 
cyclometallation method. These kinds of complexes have been extensively used in Suzuki and 
Heck coupling reactions. In order to expand their utility, they have bee  tested in another C-C 
linkage reaction, ethylene oligomerization, in the presence of an aluminum  
co-catalyst such as MAO or MMAO. However, low or no activity was observed.
 
On the other 




X = H, Cl, Br, Me
R = 2,6-di-iPr, Ph, Pr









In order to adjust efficiently the catalyst system and improve the catalytic activity for ethylene 
oligomerization, it is important to investigate and understand why the current catalyst system 
has low or no activity. With the aim to gain insight into the potential problems which may 
exist in the current cyclometallated palladium catalyst system (I), theoretical and 
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1.6.2 Specific objectives 
 
The catalytic mechanisms of above type of cyclometallated palladium complexes in coupling 
reactions are well understood. For ethylene oligomerization reactions, however, there is still 
debate about the possible mechanisms. To reach the aim of the theoretical study, the 
following objectives were proposed: 
1. use molecular modelling as a tool to study the interaction of the cyclometallated 
palladium precatalyst with co-catalyst MAO, i.e., catalyst activation process, 
2. study the possible mechanisms of their ethylene oligomerization reactions, and 
3. identify a possible reason why the cyclometallated Pd systems show low activity for 
ethylene oligomerization. 
The results of these investigations are described in Chapter 2. 
 
Salicylaldimines (N^O), a class of Schiff-base ligands, have a similar nature to the currently 
studied N-benzylidenbenzylamines (N^C). Both are mono-anionic heteroditopic ligands. 
Palladium complexes containing N^O and N^C chelate ligands are both known to catalyze  
C-C bond formation reactions such as the Suzuki and Heck reactions.
93
 On the other hand, 
N^O chelating ligands such as “Salicylaldiminato”, known as “Grubbs ligand”, have been 
incorporated with transition metals and applied in ethylene polymerization reactions.
75(a)-(b)
 
Several (N^O) ligated palladium complexes were investigated as catalysts for ethylene 
oligomerization (33, 34 in Table 1.2) and polymerization.
94
 In contrast, there are no related 
applications of the (N^C) ligated transition metal complexes. In view of this, a series of 
comparative studies was proposed to be carried out on platinum complexes bearing N^C and 
N^O ligands to investigate their different chemistry. The use of platinum is due to its similar 
chemistry to palladium. Platinum complexes, however, have enhanced kinetic and 
thermodynamic stability and are thus easier to study.
95
 The platinum analogues could be 
model complexes for the palladium catalysts.  
 
The aim of the experimental study is thus to investigate the influence of chelate ligands in the 
platinum complexes and to study their reactivity. The following objectives were set to reach 
these aims: 
4. synthesis of dimethylsulfoxide (dmso) ligated platinum(II) complexes of  
N-benzylidenebenzylamine and N-salicylidenebenzylamines; 
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influence of chelate ligands in the above complexes; 
6. carry out various reactivity studies on the above dmso ligated platinum(II) complexes 
to investigate the influence of chelate ligands, namely: 
a. reactions with phosphines 
b. methylation reactions 
c. isomerization reactions 
d. electrochemical studies 
The results obtained in investigating objectives 3 and 4 are reported and discussed in Chapter 
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Chapter 2 
DFT Insight into Role of MAO in Catalyst Activation and a Probe into 






Transition metal-catalysed ethylene oligomerization has been one of the dominant synthetic 
routes to -olefins.
1
 Two possible oligomerization mechanisms have been proposed for this 
process and these will be discussed later. A substantial number of transition metal ethylene 
oligomerization catalysts show high activity but very poor selectivity for linear -olefins, 
usually forming products with either a Schulz-Flory or Possion distribution.
2
 These product 
distributions are due to similar propagation and termination rates in the polymerization 
mechanisms proposed by Cossee and Arlman,
3
 which was discussed in detail in Chapter 1. In 
contrast to this, another reaction mechanism, shown in Scheme 2.1 (the so-called metallacycle 
mechanism),
4 
can apply to systems producing exclusively a single group of olefins such as, 




The metallacycle mechanism (Scheme 2.1) was shown experimentally
6
 and by using DFT 
calculations
7–12
 to be a consequence of two molecules of ethylene coordinating to the active 
species A and forming intermediate B. The two coordinated ethylene entities in B react by an 
oxidative coupling reaction to form a metallacyclopentane C. At this stage, insertion of a third 
molecule of ethylene forming a metallacycloheptane D can be observed. 1-Hexene is liberated 
by reductive elimination from D, or another ethylene molecule inserts in D to form a larger 
size metallacycle. Although polyethylene is likely the result of polymerization via the  
Cossee-Arlman pathway, the formation of polyethylene following an extended metallacyclic 
pathway should, however, not be excluded. This is particularly true considering the 
experimental results with chromium-based catalysts,
13–15 
where polyethylene is sometimes 






























Scheme 2.1 Metallcycle mechanism for catalytic ethylene trimerization, tetramerization and 
polymerization. 
 
In principle, a metallacycle mechanism offers the potential of catalyst tuning toward lighter 
C2nH4n oligomers (trimerization and tetramerization), without concomitant 1-butene 
formation. This is not possible when a Cossee-Arlman mechanism is operative, as a shift to 
lower carbon numbers necessarily increases the percentage of 1-butene. Many studies have 
been carried out to elucidate the mechanism of chain growth and to investigate the effects of 
ligand modification on olefin selectivity in olefin oligomerization/polymerization reactions. 
The mechanism of chain growth has been shown to be ligand dependent in various transition 
metal catalyst systems. 
 
The original Cossee-Arlman mechanism was proposed for the TiCl3-based heterogeneous 
catalyst as shown in Scheme 2.2.
16
 When the cyclopentadienyl ligand bearing a hemilabile 
pendant arene substituent was introduced, the resultant cationic half-sandwich complexes of 
titanium were found to be transformed from ethylene polymerization catalysts into selective 
ethylene trimerization catalysts, producing 1-hexene.
17
 Computational studies suggest that the 
pathway for ethylene trimerization occurs through a metallacyclic mechanism that involves 
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By using Cr catalysts, the selective trimerization of ethylene to 1-hexene
18
 and the more 
recent tetramerization to 1-octene
19
 has opened a new phase in oligomerization of ethylene. 
The mode of selective 1-hexene and 1-octene generation relies on a metallacyclic mechanism 
(Scheme 2.1), which has been supported by the use of deuterium labelling techniques. For 
example, catalytic trimerization of a 1:1 mixture of C2D4 and C2H4 using the Cr-PNP-based 
catalytic systems leads to a 1-hexene isotopomer distribution of only C6H12, C6H8D4, C6H4D8 
and C6D12.
20 
The lack of observing H/D scrambling provides unequivocal support for the 
metallacycle mechanism.
20 
For the Cr catalysts which give high activity in oligomerization 
forming Schulz-Flory distributions of LAOs, the mechanism of chain growth was indicated to 
be ligand dependent by way of deuterated experiments. These experimental facts clearly 
indicate that ethylene oligomerization using Cr-based pre-catalysts Cr-1 and Cr-2 (Figure 
2.1), which incorporate CNC-pincer carbene ligands, occurs via an extended metallacycle 
mechanism.
14 
The change to a bidentate ligand in complexes Cr-3 and Cr-4 led to a switch in 













Cr-1, R = iPr























The same applies to the nickel-catalysed ethylene oligomerization/polymerization reactions. 
In spite of the more commonly proposed Cossee-Arlman mechanism,
21–23 
reaction 
mechanisms, which resemble the concerted coupling are also observed for nickel.
24
 Some 
olefin 2+2 dimerization reactions catalysed by nickel systems, developed by Grubbs,
24(a)
 
involve the oxidative coupling of the two olefin fragments by Ni(0), followed by the 





































With these findings, identifying whether a particular catalyst operated via a linear chain 
growth (Cossee-type) mechanism or a metallacycle mechanism is of more than academic 
interest. Deuterium labelling techniques could be used to distinguish between the two 
mechanisms in a relatively straightforward way, as mentioned above. Computational (DFT) 
methodologies could be used to rationalize some of the key experimental observations and to 
predict the possible reaction mechanism.  
 
Recently, Bhaduri and co-workers
25 
provided theoretical calculations on the mechanism of  
Cr-catalysed ethylene trimerization. Both Cossee and metallacycle mechanisms were 
compared, in which the metallacycle mechanism was found to be the most favoured path with 
cationic Cr intermediates, while the Cossee pathway was followed with neutral intermediates. 
 
Among the palladium catalysts for olefin oligomerization reactions, the complexes containing 
heteronitrogen donor ligands are the most reported in the literature (see Chapter 1). In an 
effort to search for new palladium catalysts with a nitrogen donor ligand, a series of new 
cyclometallated palladium complexes bearing N-benzylidenebenzylamines (I) have recently 
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Cyclometallated palladium complexes have been extensively utilized in Suzuki and Heck 
coupling reactions and the mechanism of catalytic coupling reactions are well understood.
27
 
However as catalysts in ethylene oligomerization, there is still debate about the possible 
mechanism. In order to expand their utility, the catalytic activity of these complexes (I) 
towards olefin oligomerization has been investigated in the presence of methylaluminoxane 
(MAO) or modified methylaluminoxane (MMAO) (Scheme 2.5). However, low or no activity 
was observed.  
 
X = H, Cl, Br, Me
R = 2,6-di-iPr, Ph, Pr













The fundamental understanding of the reaction mechanisms by means of computational 
studies is important, since it can predict catalytic activity and selectivity in ethylene 
oligomerization, and, more importantly, it can provide useful insight into the potential 
problems which may exist in the current cyclometallated palladium catalyst system (I). It 
could possibly be applied to the efficient modification of ligands to improve this class of 
complexes or the design of new alternative complexes as active catalysts.  
 
In the current DFT study, MAO was chosen as the model co-catalyst. As one of the most 
widely used co-catalysts in transition metal-catalysed ethylene oligomerization, MAO is 
thought to generate the active species from the catalyst precursor.
28
  MAO is widely known to 
play a significant role in several aspects: i) alkylation of the catalyst precursor, ii) generation 
of a cationic complex, iii) stabilization of cationic complexes acting as counterions, and iv) 
reactivation of deactivated sites.
29
 For the dihalide transition metal catalyst precursors, the 
active species can be achieved by treating the precatalyst with an alkylating reagent followed 
by alkyl-abstraction,
30 
in which MAO can perform both alkylation and alkyl-abstraction 














] and a cationic metal fragment [LnM
+
] are generated from the alkyl abstraction 
process by the co-catalyst, which in combination represents the active catalytic system as an 
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The possible interactions of palladium complex Ia (I where X = Me, R = 2,6-di-
i
Pr, L = PPh3) 
with MAO are represented in Scheme 2.7. After alkylation, the methyl functionality on the Pd 
complex could bridge three-coordinate Al moieties in MAO yielding a formally coordinated 
Pd-MAO species II. Similar structures have been reported in the DFT studies of 
zirconocene/MAO
32
 and chromacycloheptane/MAO interactions.
33
 It is well known that 
Cp2ZrCl2 rapidly reacts with MAO to yield the monomethylated complex Cp2Zr(Me)Cl and 
that the addition of excess MAO leads to the fully methylated complex Cp2ZrMe2.
34
 This led 
to our hypothesis that a Pd-Me complex III could be generated from II by dissociation of a 
MAO fragment. On the other hand, the generation of ion-pair complexes, in which a cationic 
transition metal complex is paired with an anionic co-catalyst fragment, is widely accepted in, 
for example, metallocene-catalysed polymerization.
1
 By means of DFT, a number of studies 
on catalyst/co-catalyst interactions argue that the interaction of the co-catalyst with the metal 
occurs via a bridging methyl group.
35 
This interaction generates a catalyst/co-catalyst 
“dissociated” ion-pair complex after abstraction of a methyl group from an appropriate 
methylated catalyst precursor. A similar possibility of this interaction from II to generate a 
“dissociated” ion-pair species IV could as well be considered in our case.    
 
From the Pd-Me species III, ethylene could coordinate to the palladium centre via ligand 
exchange with PPh3 or via a vacant site after dissociation of the N atom of the bidentate 
ligand dissociation followed by a Cossee-type mechanistic pathway.  While two ethylene 
molecules could coordinate to the metal centre after ligand dissociation from IV, an oxidative 
coupling reaction could also take place on the Pd(II) centre to give Pd(IV) metallacyclic 
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The work reported in this investigation was undertaken with a view to gain fundamental 
understanding of the mechanism of chain growth and to predict the catalytic activity by using 
DFT methods. We address the following specific questions: Firstly, do theoretical 
calculations on Pd/MAO interactions reveal the role of MAO in Pd-catalysed ethylene 
oligomerization, i.e., which is the preferred step after the alkylation step, MAO dissociation or 
alkyl-abstraction? Secondly, we will attempt to identify the possible mechanism by analysing 
the results of DFT calculations in terms of the reaction energetics. That is, is a Cossee-type 
mechanism or a metallacycle mechanism the preferred one for chain growth? Thirdly, and 
also the most importantly, to determine using DFT calculations a possible reason why the 
cyclometallated Pd system gave low activity when tested for ethylene oligomerization. 
 
A full exploration of all the possible mechanistic pathways was not co sidered in the current 
study, as that would require considerable computional cost. The mechanisms we proposed and 
subjected to calculation were therefore focussed on the specific reaction pathways based on 
those proposed in the literature. The pathways not modelled are considered not important to 
the entry reaction profle and relatively expensive in computer time.   
 
2.2 Functional Validation and Ligand Dissociation of Palladium Complex 
 
2.2.1 Functional validation 
 
The cyclometallated palladium complex Ia has been synthesized and used as the pre-catalyst 
in ethylene oligomerization.
26 (b)
 As stated by some authors,
 
“accurate molecular geometries 
are prerequisite for reliable quantum-chemical computations”.
36 
Consequently, we 
investigated the performance of four GGA density functionals available in the DMol
3
 code in 
the Materials Studios Software (Accelrys)
37
 and the basis set of DNP in reproducing four 
structures derived from the single-crystal X-ray diffraction structure of the cyclometallated 
palladium complex Ia (where R = Me). The calculated bond distances and angles of the 
optimized structure are summarized in Table 2.1 for purpose of comparison. The average 
deviation of the calculated values is the smallest for bond distances for PW91 and bond angles 
for PBE. But due to the fact that the bond distance average deviation for PBE is close to 
double that of PW91, the functional method PW91 was considered to represent the most 
accurate structure and was thus used for further calculations. It is important to note that there 
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experimental values were measured in the solid state, while calculations were performed in 
vacuum. We conclude that DMol
3
/PW91/DNP reproduced the most accurate molecular 
geometry of Ia, and this was used in all subsequent calculations reported. 
 
Table 2.1 Comparative calculated and experimental data on selected bond distance (in Å) and angles 
(deg) in complex I 
 Experimental
i 
 PW91 PBE RPBE B3LYP 
N-Pd-Cl 91.921 92.026 92.710 93.637 92.008 
Cl-Pd-P 92.124 92.307 91.408 90.431 91.569 
P-Pd-C 96.310 96.064 96.588 97.590 97.345 
C-Pd-N 80.765 79.794 79.760 79.414 79.331 
AD
ii
 0 0.376 0.697 1.150 0.778 
      
Pd-Cl 2.364 2.397 2.403 2.431 2.443 
Pd-N 2.105 2.259 2.164 2.206 2.205 
Pd-C 2.008 2.081 2.078 2.092 2.114 
Pd-P 2.252 2.342 2.340 2.376 2.400 
AD
ii
 0 0.088 0.064 0.094 0.108 
i
 see Ref. 26 (b). 
ii 
Average deviation from experimental values. 
 
2.2.2 Pd-ligand bond dissociation energies 
 
Many of the important mechanistic steps in homogeneous catalytic cycles involve the addition 
or loss of ligands, in particular phosphine ligands.
38
 M-P bond dissociation energies in several 
transition metal complexes have been studied both theoretically and experimentally.
39
 During 
ethylene oligomerization, it is generally accepted that exchange of weakly coordinated ligands 
such as PPh3 for ethylene should be facile.
31
 On the other hand, the nitrogen atom of the 
hemilabile imine ligand could potentially dissociate as well. This is due to the notion that a 
hemilabile ligand provides a free coordination site „on demand‟ in the presence of competing 
substrates.
40
 In this sense, Pd-P and Pd-N bond dissociation in Ia could occur during ethylene 
oligomerization reactions (Figure 2.2). The Pd-ligand bond dissociation energies were 
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Figure 2.3 shows the plots of the potential energy for two Pd-ligand bond dissociation 
processes of complex Ia. For the Pd-P bond dissociation, the reaction coordinate is plotted 
relative to the breaking Pd-P bond distance. The starting structure has a Pd-P bond distance of 
2.432 Å and was followed through the transition state (TS, a structure with highest energy 
having a Pd-P bond distance of 5.125 Å) all the way to a structure with Pd-P bond distance of 
6.271 Å. It should be noted that an isomerization process occurred spontaneously when the 
Pd-P bond was elongated to 5.125 Å, in which the structure has the chlorine atom in the cis 
position relative to the cyclometallated carbon atom, remaining in the same position after 
optimization. The potential energy profile for Pd-N bond dissociation is plotted along the 
breaking Pd-N bond distance. Elongation of the Pd-N distance from 2.207 in the starting 
structure to 4.385 Å, went through the transition state (TS, a structure with highest energy and 














































PES scan for N-atom dissociation





















Figure 2.3 Potential energy surface (PES) of Pd-ligand bond dissociation in Ia: (a) Pd-P bond 
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The two primary transition states obtained from the potential energy surface (PES) scan were 
then subjected to TS optimization giving the formal transition states with one imaginary 
frequency, TS(Ia-BN) and TS(Ia-Bp), respectively, with calculated energies in kcal/mol 
expressed as Gibbs free energies (ΔG298.15K)
 a
 at 298.15 K and 1 atm (Figure 2.4). As 
compared with Figure 2.3, Figure 2.4 clearly shows that the entropy corrections significantly 
influence the relative energies upon moving from 0K to 298K.  
 
The Pd-N bond dissociation energy in Ia is calculated to be 7.4 kcal/mol less favourable than 
the Pd-P bond dissociation energy as shown in Figure 2.4. This implies that the exchange 
between an ethylene molecule and PPh3 is more likely in the cyclometallated palladium 





































Figure 2.4 Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in kcal/mol for the 




2.3 The Role of MAO in the Activation of Pd Pre-catalyst 
 
A number of theoretical studies focusing on co-catalyst interaction with transition metal 
                                                 
a
 The calculated Gibbs free energies were corrected from (ΔE0K) by adding frequency calculation and 
entropy gain in the gas phase at 298 K and 1atm. 
b
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catalysts have been reported.
32,33,41 
It is generally accepted that the interaction of the  
co-catalyst with the metal occurs via a bridging methyl group, and this interaction has been 
envisaged for “activated” MAO, i.e., TMA-expanded MAO, with a methylated catalyst 
precursor or intermediate.
32,33 
As shown in Scheme 2.7 (p. 59), the interaction of the 
palladium complex with MAO could take place via two routes, i.e. (i) alkylation followed by 
MAO dissociation and (ii) alkylation followed by alkyl-abstraction. In an attempt to assess the 
role of MAO in the activation of the palladium precatalyst, the two interactions were 
compared using DFT calculations. 
 
2.3.1 Palladium model and MAO models  
 
2.3.1.1 Palladium model 
It is believed that the methylation of catalyst precursors prior to ethylene oligomerization is an 
important first stage for catalyst activation when MAO is used as co-catalyst. To simplify the 
DFT calculation, the methylated-palladium complex shown in Figure 2.5 was chosen in the 
current study, as representative of the catalyst precursor during ethylene oligomerization. This 








     
Figure 2.5 Optimized geometry for methylated palladium complex III. 
 
2.3.1.2 MAO models 
The interaction of MAO with the palladium complex most likely involves a bridging methyl 
group that is shared by the palladium and appropriate MAO models. Although the exact 
structure of MAO is not known, theoretical models of MAO have been reported based on 
some important evidence from a number of experimental studies.
42,43 
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that “classic” MAO models, (AlOMe)n, are three-dimensional cage structures which consist of 
three-coordinate oxygen and four-coordinate aluminium.
41(c),42,44,45 
However, they cannot be 
regarded as being significantly Lewis acidic due to the fact that there are only four-coordinate 
aluminium centres contained in the structures. “True” MAO models, in which residual 
trimethylaluminum (TMA) in MAO is incorporated in the structure of “classic” MAO, have 
been constructed according to the following general reaction:
 41(c),43 
 
(AlOMe)n +   n/3 TMA (AlO0.75Me1.5)n+n/3 (Eq. 2.1)  
 
This was suggested by several NMR studies.
46
 Furthermore, calculations performed by Zurek 
and Ziegler
41(c) 
suggest that less TMA should be present, as they found that incorporation of 
TMA into “classic” MAO to yield a Me:Al ratio of 1.5 is energetically unfavourable. “TMA-
expanded” MAO models, i.e., (AlOMe)n (where n = 6, 9) activated by one TMA unit, were 
used in Zurek and Ziegler‟s and some other studies.
33,41(c),44
 In addition, it was shown that the 
incorporation of TMA leads to the cleavage of the most r active square-square (ss) Al-O bond 
for all “classic” MAO cage structures studied, except for (AlOMe)9. The interaction of a 
TMA dimer with the (AlOMe)9 cage results in cleavage of both a square-hexagonal (sh) and a 
square-square (ss) Al-O bond, for which the cleavage of the sh Al-O bond was calculated to 




In the current study, three TMA-expanded MAO models, i.e. (AlOMe)6-TMA-ss (MAO3), 
(AlOMe)9-TMA-sh (MAO4) and (AlOMe)9-TMA-ss (MAO5) were considered (Scheme 
2.8). These MAO models were reported by Janse van Rensburg et al. in a theoretical study 






























































































































MAO3 MAO4 MAO5  
(b) 
Scheme 2.8 MAO models used in the study. 
 
2.3.2 Palladium complexes in the presence of MAO models 
 
2.3.2.1 (AlOMe)6-TMA  model 
Despite the fact that very little (AlOMe)6 (~ 0.01%) is present at room temperature in a 
typical MAO solution, this is the smallest feasible model that may be used to represent MAO. 
In the past related theoretical studies, a (AlOMe)6-TMA cage was used by Ziegler
41(c) 
and 
considered as a “strip-down” model by Janse van Rensburg.
33
 The idea to use this small 
model is to facilitate relatively fast initial calculations, which can be used in turn for 
expansion to more realistic MAO models discussed later. The interaction of neutral 
(AlOMe)6-TMA, i.e., MAO3, with a neutral palladium methyl complex was modelled by 
coordination of the unsaturated three-coordinate Al atom in MAO3 with the methyl group of 
the palladium complex. The optimized geometries of these interaction models and their 





















(9.7 kcal/mol)  
Figure 2.6 DMol
3
/PW91-optimized geometries for interaction of (AlOMe)6-TMA (MAO3) with 
palladium complex. Bond length in Å and ΔE0K energies at 0K in kcal/mol relative to MAO3-1. 
 
Formal coordination of the (AlOMe)6-TMA (MAO3) fragment in MAO3-1 is evident from 
the relatively short calculated Pd-Me and Me-Al bond distances of 2.486 Å and 2.130 Å. The 
interaction of the Me group with Al is evident from the elongation of the Pd-Me distance from 
2.136 Å, when (AlOMe)6-TMA (MAO3) is not present (see Figure 2.5, structure III), to 
2.486 Å in MAO3-1. An attempt has been made to compare the energy difference between 
the two roles of MAO, i.e., alkylation and alkyl-abstraction, on palladium complexes. The 
MAO-dissociated structure in which a neutral (AlOMe)6-TMA fragment is dissociated from 
the corresponding formally coordinated Pd-MAO complex was optimized, yielding MAO3-2. 
The neutral dissociated structure is found to be higher in energy compared to the low-energy 
counterpart MAO3-1 by 6.1 kcal/mol. The same phenomenon was observed in the interaction 
of (AlOMe)6-TMA with chromacycloheptanes and it was suggested that saturation of Al in 




Formal abstraction of the methyl group from palladium leads to the optimization of the 
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MAO3-3 is energetically unfavourable compared to the MAO-dissociated structure  
(MAO3-2) by 3.6 kcal/mol. 
 
2.3.2.2 (AlOMe)9-TMA models 
In an attempt to ensure a more comprehensive and realistic account of the interaction between 
MAO and palladium pre-catalysts, an expansion of the MAO model is presented in this 
section. For this purpose the “stripped-down” MAO model, (AlOMe)6-TMA, is replaced by 
the more appropriate (AlOMe)9 cage structure, activated by a single TMA unit. Due to the 
underlying uncertainty and complexity of active MAO structures during catalysis, two TMA-
expanded MAO models as indicated in Scheme 2.8 (Section 2.3.1), i.e., (AlOMe)9-TMA-sh 
(MAO4) and (AlOMe)9-TMA-ss (MAO5), are incorporated into the current study. This 
effectively covers a more comprehensive range of structures and represents a more inclusive 
account of actual catalyst/MAO interactions. In the discussion to follow, the DFT results 
obtained focus on the neutral (AlOMe)9-TMA models MAO4 and MAO5 interacting with the 
palladium complex. An example of the optimized geometry of one of these TMA-expanded 
MAO-palladium structures is illustrated in Figure 2.7, in which (AlOMe)9-TMA-sh (MAO4) 
is bridged via a methyl group to the palladium complex (this structure corresponds to  
MAO4-1 in Figure 2.8). Figure 2.8 illustrates the optimized geometries for interaction of both 
(AlOMe)9-TMA-sh (MAO4) and (AlOMe)9-TMA-ss (MAO5) with the palladium complex, 
along with the relative ΔE0K energies. All data pertaining to (AlOMe)9-TMA-ss (MAO5) in 
Figure 2.8 are denoted by square brackets to distinguish the geometrical and energy data for 
interactions of MAO4 and MAO5. For all the structures, the interaction of (AlOMe)9-TMA 
with the palladium complex involves bridging of the three-coordinate Al unit in MAO4 and 













































Figure 2.7 Example of an optimized geometry for (AlOMe)9-TMA-sh (MAO4) interaction with 



















































/PW91/DNP-optimized geometries for interaction of (AlOMe)9-TMA-sh (MAO4) 
and (AlOMe)9-TMA-ss (MAO5) with palladium complex.
a
 Bond lengths in Å and ΔE0K energies at 0 
K in kcal/mol relative to MAO4-1. 
 
In the formal coordinated structures MAO4-1 and MAO5-1, relatively tight coordination of 
MAO4 and MAO5 to the Pd complex is evident from the relatively short Pd-Me and Me-Al 
distances, and the Pd-Me distances in both structures were found to be elongated as a result of 
the coordination of MAO (2.241 Å and 2.419 Å for MAO4-1 and 2.243 Å and 2.681 Å for 
MAO5-1). This is in good agreement with the structural parameters that were obtained from 
the “stripped-down” model MAO3-1.  
 
The MAO-dissociated structures, i.e., neutral (AlOMe)9-TMA-sh (MAO4) and (AlOMe)9-
TMA-ss (MAO5), which are dissociated from the corresponding formal coordinated 
structures, were optimized, yielding MAO4-2 and MAO5-2. Compared to their 
corresponding formally coordinated structures, the Pd-Me bond distance in the neutral 
dissociated structures were shortened to a length similar to the Pd-Me complex III (see  
Figure 2.5) in the absence of MAO. They were found to be higher in energy by 0.3 – 0.5 
kcal/mol compared to MAO4-1 and MAO5-1.  
                                                 
a
 All data pertaining to (AlOMe)9-TMA-ss (MAO5) are denoted in square bracket to distinguish it from the data 
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The dissociated ion-pair complexes in which the methyl group is formally abstracted from 
palladium by MAO, i.e., structures in which the Pd-Me distances are ca. 5 Å, were 
successfully optimized, forming MAO4-3 and MAO5-3. Formation of the Me-abstracted 
structures are, however, energetically unfavourable. They were found to be higher in energy 
compared to the relatively lower-energy counterparts (MAO4-1 and MAO5-1) by 16.5 and 
8.3 kcal/mol, respectively. The disfavouring of the formation of MAO4-3 and MAO5-3 
compared to the formation of MAO4-2 and MAO5-2 could be attributed to either the 
unfavourable methyl abstraction or the unfavourable formal charge separation for (Me-MAO)
-
 




2.3.2.3 Discussion on Pd-MAO interactions 
The first important role of MAO is the alkylation of the catalyst precursor.
47
 It was therefore 
deemed appropriate to use a palladium methyl structure (III) as a model palladium complex 
to study possible interactions with MAO models. Herein, three “TMA-expanded” MAO 
models, i.e., (AlOMe)6-TMA (MAO3), (AlOMe)9-TMA-sh (MAO4) and (AlOMe)9-TMA-ss 
(MAO5), were chosen as representative MAO models. (AlOMe)6-TMA (MAO3) is the 
smallest MAO cage structure containing both hexagonal and square faces and regarded as the 
smallest feasible structural model for MAO. Having larger cage sizes, (AlOMe)9-TMA 
(MAO4 and MAO5) are considered to be more “realistic” models. The use of the (AlOMe)9 
cage is justified by the predicted distribution of cage structures in which (AlOMe)9 was found 
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In our system, neutral MAO dissociation in the formal coordinated complexes, to yield MAO-
dissociated structures with elongated Me-Al distances, was determined to proceed 
endothermically with low energies of 0.3 to 0.5 kcal/mol for (AlOMe)9-TMA (MAO4 and 
MAO5), 6.1 kcal/mol for (AlOMe)6-TMA (MAO3). On the other hand, formal abstraction of 
the methyl group from palladium, to yield MAO3-3, MAO4-3 and MAO5-3, was calculated 
to proceed endothermically with energies of 9.7, 16.5 and 8.3 kcal/mol compared to their low-
energy counterparts MAO3-1, MAO4-1 and MAO5-1, respectively. These values are in 
agreement with the calculated energies for similar transformations in chromium-MAO 
complexes, which were found to be 12.3 and 10.2 kcal/mol.
33
 It was pointed out by Janse van 
Rensburg and co-workers that if abstraction of the bridging methyl group is found to proceed 
with relatively low energies in the gas-phase DFT analysis, methyl group abstraction in actual 
experiments is likely to be even more favourable where a solvent is formally introduced. 





It is interesting to note that the energy difference between two possible Pd/MAO interactions 
using MAO4, which contains a cleaved sh Al-O bond, was relatively higher compared to 
those containing cleaved ss Al-O bond MAO models, i.e. MAO3 and MAO5. Although the 
presence of MAO4-1 should dominate in the (AlOMe)9 cage distribution, MAO5-1 should 
also be present.  Due to the fact that a huge excess of MAO relative to Pd catalyst is used for 
actual catalysis, it will provide an opportunity for MAO5-1 to take part in the catalysis. Thus 
some formal methyl abstraction to occur becomes feasible. Neutral MAO-dissociation without 
the formal methyl abstraction remains, however, the major Pd/MAO interaction that will take 
place as evident from all the MAO models be considered in the study.  
 
Energetically speaking, it is likely that the neutral MAO-dissociation process will occur 
quickly during catalysis. Upon formation of this complex, ethylene will coordinate to 
palladium via ligand exchange with PPh3, leading to a Cossee-type mechanism, which is the 
most common mechanism for Pd-catalysed ethylene oligomerization/polymerization 
reactions. On providing more energy to the catalysis reaction by, for example, increasing the 
reaction temperature, some formal abstraction of the methyl group from palladium will also 
occur. After the dissociation of PPh3 from this cationic species, two molecules of ethylene 
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metallacycle mechanism. In the following sections, detailed DFT analyses on both 
mechanisms are reported and compared in terms of the energy.  
 
2.4 Possible Mechanisms for Cyclometallated Palladium-Catalysed Ethylene 
Oligomerization 
 
Some authors have mentioned that the role of the co-catalysts, counter ions, or solvents in 
ethylene oligomerization/polymerization catalytic process is very important to describe 
realistic active sites.
48
 In recent years increasing availability of computational resources has 
made it possible to investigate the ethylene insertion mechanism proposed by Cossee and 
Arlman involving contact catalyst/co-catalyst ion-pairs.
41(a),49(b) 
There are, however, only two 
studies using MAO as co-catalyst reported in the literature. Zurek et al.
41(a)
 studied the 
mechanism of ethylene insertion into the Zr-C bonds of Zr-1 and Zr-2 (Figure 2.10) in olefin 














































 studied the role of olefin separated ion pairs (OSIP) in the ethylene 





where [Cl2Al[O(AlMe3)AlHMe]2] was used to model MAO.  
 
These studies suggest that total dissociation between cation (a cationic metal fragment 
[LnM
+
]) and anion (an anionic co-catalyst fragment [RX
-
]) does not occur. However, these 
kinds of studies are still quite limited, because they would be exceptionally computationally 
demanding due to the large size of the ion pair systems. In theoretical work reported in the 
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active site was the isolated cation with different alkyl ligands, without counterion, to reduce 
the computational cost.  
 
Therefore, in the following mechanistic studies, the neutral palladium methyl complex formed 
from the dissociation of MAO, III, and the isolated cation IV were used as models (see 
Scheme 2.9) for the active species in the catalytic process. Density functional theory 
(GGA/PW91/DNP) was employed. As a calculation model, the cyclometallated palladium 
complex III was simplified as III-s with removal of the methyl group on the cyclometallated 





























Scheme 2.9 Simplified structures of cyclometallated palladium complexes. 
 
2.4.1 Mechanism A: Cossee-type pathway 
 
Due to the asymmetrical character of the N-benzylidenebenzylamine ligand, cis/trans 
isomerization should be considered for the four-coordinate methyl complex III-s and similar 
complexes during catalysis. As will be discussed later (Chapter 4), methylation reactions were 
carried out to assess the possibility of cis/trans isomerization occurring on N-
benzylidenebenzylamine metal complexes during the formation of a metal methyl complex. A 
platinum analogue was used as a model due to the poor stability of palladium complexes 
when reacting with LiMe. As expected, cis (methyl group cis to the cyclometallated carbon 
atom) and trans (methyl group trans to the cyclometallated carbon atom) Pt-Me complexes 
were formed in a ratio of 9:1 (Eq. 2.2, experimental details are discussed in Chapter 4), in 
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the large transphobia of a pair of C-donor/C-donor ligands in palladium and platinum 
complexes.
50 
It is clear from Eq. 2.2 that the cis/trans isomerization is feasible for  
N-benzylidenebenzylamine metal complexes during the methylation and should be taken into 
account in any cyclometallated palladium-catalysed ethylene oligomerization process. 
Therefore, both cis and trans methylpalladium species III'-s and III-s could be generated in 










































2.4.1.1 Chain growth initiation 
In the Cossee-Arlman mechanism, the chain growth intiation proceeds via coordination of an 
olefin at the open site of the square-planar metal center and is followed by direct insertion of 
the coordinated olefin into the Pd-alkyl bond without the formation of any intermediate.
16
 
Herein, we propose a chain growth intiation process starting from either III-s or III'-s as 
shown in Scheme 2.10. The geometry optimization of III-s and III'-s without any constraints 
was successful, and the structures are shown in Figure 2.11. The cis isomer III'-s was 
calculated to be energetically more favourable than its trans isomer by 2.5 kcal/mol. This is 
consistent with the observation that during the methylation reaction of the platinum analogue, 
the cis isomer was formed predominantly.  The cis/trans isomers, III-s and III'-s will lead to 
the cis/trans Pd-ethylene  complexes, i.e. A2 and A2'. These types of complexes have been 
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III'-s (-2.5kcal/mol)III-s (0 kcal/mol)                    
Figure 2.11 Optimized structures of trans/cis Pd-Me complexes, III-s and III'-s. Gibbs free energy is 


























































Scheme 2.10 Proposed chain growth initiation process for either III-s or III'-s. 
 
Orbital interactions in ethylene-substitution reactions 
Ethylene oligomerization/polymerization is considered to be a nucleophilic reaction.
52
 The 
incoming ethylene reacts as a donor of electron density (nucleophile) and will attack the 
catalyst species at the most favourable site for electron addition, whereas the metal centre 
reacts as an electron acceptor (electrophile). This applies to both associative and dissociative 
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(FMO) theory, the lowest unoccupied molecular orbital (LUMO) corresponds to the 
molecular regions where the addition of electronic density is energetically more favourable. 
Thus, ethylene-substitution reactions are initiated by the interaction between the highest 
occupied molecular orbital (HOMO) on the ethylene and the LUMO on the catalyst  
(Figure 2.12).
53
 Orbital interactions in ethylene-substitution reactions on the open site of 
square-planar palladium complexes were studied, where A1 and A1' were used as the model 
complexes to indicate the possible positions of the open site.  
 
L'nM + L [L'nM













The HOMO and LUMO energy for the three-coordinate, cis/trans (N^C)Pd(CH3) complexes, 
A1 and A1', and ethylene were estimated based on DFT calculations and are shown in Figure 
2.13. The HOMO-LUMO gap estimated for the trans isomer A1 was 0.78 eV, while for the 
cis A1', it was 1.02 eV (Figure 2.13). When the HOMO-LUMO gap is large (other things 
being equal), one expects high stability and low reactivity. When it is small, one expects low 
stability and high reactivity. This is consistent with calculations showing the cis isomer more 
stable than the trans isomer.  
 
The most reasonable acceptor orbital on palladium in our system is a px-orbital (LUMO).
53
 In 
the case of A1, the LUMO was largely located on the Pd atom with energy of -3.32 eV. The 
HOMO is a C-Pd( 22 yxd  )-C antibonding combination, largely centred on both Pd-CH3 and 
                                                 
a
 The primary orbital overlap occurs between a ligand-based HOMO and a metal-based LUMO, and improved 
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Pd-Cmetallated moieties. In contrast, the LUMO in A1' was localized on the imine fragment, 
which is thought to be the common LUMO in the transition metal complexes of  
N^C-cyclometallated ligands.
54
 The energy level of the LUMO of A1' is more positive than 
that of A1, i.e., -2.80 eV. The HOMO of this fragment is a Pd- 2zd  type orbital, located on the 





























Figure 2.13 Kohn-Sham GGA/PW91/DNP frontier orbitals and energies (eV) for trans-
(N^C)Pd(CH3) (A1), cis-(N^C)Pd(CH3) (A1') and ethylene. 
 
The FMO gap between C2H4-HOMO–A1LUMO is small (0.36 eV), while the A1HOMO–C2H4-LUMO 
is much larger (3.34 eV). This is in agreement with the principal orbital interaction in 
traditional ligand-substitution reactions shown in Figure 2.12, involving the HOMO on the 
ligand and LUMO on the metal (in our system, ligand = ethylene), i.e., the smaller the  
C2H4-HOMO–PdLUMO gap, the more enhanced the reactivity. On the other hand, the FMO gaps 
obtained between A1' and ethylene were 0.88 eV for C2H4-HOMO–A1'LUMO and 3.06 eV for 
A1'HOMO–C2H4-LUMO.  
 
In addition, we employed Fukui function analysis on the cis/trans isomers. The Fukui 
function is a chemical index of reactivity in the sense of “frontier orbital” theory. The HOMO 
and LUMO orbital densities are known to be decisive for determining chemical reactivity: 
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site. In essence, this is what the Fukui function is measuring.
55 
The nucleophilic Fukui 
function (f(+)) in DMol
3
 corresponds to reactivity with respect to nucleophilic attack. This 
can be mapped onto a molecular electron density isosurface to describe the electrophilic site 
of the molecule. Red-yellow indicates the electrophilic regions and green-blue the 
nucleophilic regions. As shown in Figure 2.14 the FMO densities and the Fukui function, f(+), 
both predict that nucleophilic attack occurs at the palladium centre on A1, while at the imine-








Figure 2.14 DFT estimated electrophilic site on trans/cis (N^C)Pd(CH3) fragments A1 and A1'. This 
can be deduced by plotting (a) total electron density over the LUMO density and (b) mapping the 
Fukui function, f(+), on the total electron density of the molecule. 
 
Moreover, it was not possible to locate either a transition state or a five-coordinate 
intermediate for the associated mechanism from III'-s to form the Pd-ethylene  species A2', 
indicating that ethylene is reluctant to coordinate to the palladium center when the PPh3 
ligand is cis to the nitrogen atom. Taken together, the incoming ethylene monomer will only 
coordinate on the open site, which is trans to the nitrogen atom as shown in the three-
coordinate “trans-like” A1. The formation of the Pd-ethylene  complex A2', in which the 
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This agrees with the experimental observation reported by Otto et al.
56 
in their olefin 
substitution reaction of [Pt(-Cl)(2-Me2NCH2C6H4)]2. As shown in Eq. 2.4 the monomeric 
species with olefin coordinated cis to the metallated aryl group was the only isomer, and there 















The possible process for chain initiation could therefore take place from III-s directly, 
followed by ethylene-substitution reactions via either a dissocative or associative mechanism. 
On the other hand, the energy barrier for the dissociation of PPh3 from the cis complex III'-s 
to form the three-coordiante “cis-like” species A1' is fairly low [see Figure 2.15 (A)], so 
cis/trans isomerism could occur on the four-coordiante III'-s, or on the three-cooridnate A1' 
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Cis-trans isomerization and ethylene-substitution reactions 
Based on the observation of the methylation reaction of platinum with LiMe giving cis/trans 
Pt-Me complexes in a ratio of ~ 9:1 (Eq. 2.2), we assume that the formation of cis-Pd-Me 
complex III'-s via the methylation by MAO could be predominant. This is also due to the fact 
that a pair of C-donor/C-donor ligands has the largest phobia of being mutually trans in 
palladium(II) complexes.
50
 Therefore, the isomerization of III'-s to III-s and of A1' to A1 is 
crucial in the chain initiation process. The energy profile for the isomerization is given in 
Figure 2.15 (A). Relative energies are calculated with respect to the energy of the trans-
[(N^C)Pd(CH3)(PPh3)] complex indicated as III-s. Figure 2.15 (B) shows the fully optimized 
geometrical structures of minima and TS along with the most relevant calculated geometrical 
parameters. The isomerization process comprises (i) direct conversion of cis-
[(N^C)Pd(CH3)(PPh3)] III'-s to the trans isomer III-s [black line in Figure 2.15 (A)] and (ii) 
conversion of a three-coordinate intermediate from a “cis-like” to a “trans-like” geometry 
after the dissociation of PPh3 ligand [red line in Figure 2.15 (A)].   
 
As mentioned above, the formation of the cis Pd-ethylene  complex A2' from III'-s is not 
likely. Here, we compare both associative and dissociative mechanisms for ethylene-
substitution reactions on III-s to generate the trans Pd-ethylene  complex A2 [blue line in 
Figure 2.15 (A)]. For the associative ethylene-substitution reaction, the transition state 
TS(III-s-A2) was found with a relative energy of 14.2 kcal/mol [blue solid line Figure 2.15 
(A)]. Dissociation of PPh3 from III-s requires at least a relative energy of 25 kcal/mol to give 
the three-coordinate intermediate A1-d (blue dotted line). Thus, the associative route is more 
favourable for the formation of A2. 
 
The cis/trans isomerization mechanisms of square-planar palladium complexes are well 
studied,
57
 a simple geometry change via a tetrahedral four-coordinate species has been 
reported. For cis/trans isomerization between the palladium methyl complexes III'-s and  
III-s, the tetrahedral transition state [TS(III'-s-III-s)] was located, and is 32.7 kcal/mol above 
complex III'-s. On the other hand, conversion from three-coordinate “cis-like” to “trans-like” 
T-shaped configuration occurs via a TS that possesses a Y-shaped configuration.
58
 As shown 
in Figure 2.15 (B), Jahn-Teller instability
59 
favours a T-shaped configuration for both “cis-
like” three-coordinate species A1' and “trans-like” A1, which mutually converge passing 
through a Y-shaped transition state, TS(A1'-A1) with energy higher than  that of complex A1' 
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In our case, both isomerization processes (i and ii) require very high activation energies. 
Therefore, the transformation from III's to III-s is unlikely to take place, and consequently 
the chain initiation process will only take place in the case of the trans Pd-Me complex III-s, 












































Isomerization: III'-s → III-s Isomerization: A1' → A1























Figure 2.15 (A) Energy profile for the isomerization of cis-[(N^C)Pd(CH3)(PPh3)]  (III'-s) and cis-
[(N^C)Pd(CH3)] (A1'), and the ethylene-substitution reaction on  III-s via both associative and 
dissociative mechanisms. Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in kcal/mol 
relative to III-s are given. (B) Optimized structures of involved key species. 
 
First ethylene insertion 
The initiation reaction for olefin oligomerization/polymerization includes olefin coordination 
and insertion.
60
 Barriers to the first insertion of ethylene in palladium ethylene -species have 
been addressed both experimentally (see Table 1.3 on p. 37) and theoretically (see Table 1.4 
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In our system, the ethylene -complex A2 was formed via an ethylene-substitution reaction 
on III-s, in which the ethylene is rotated out of the molecular plane to reduce steric repulsion 
(Figure 2.16). Starting from A2, insertion of ethylene into the Pd-methyl bond proceeds via 
rotation of the ethylene moiety into the molecular plane. The transition state TS(A2-A2a) 
associated with the rotation of the ethylene lies 5.3 kcal/mol above A2. The product of this 
rotation is the stable in-plane -complex A2a, which lies 2.9 kal/mol above A2. The geometry 
of complex A2a is different from A2, with significant differences seen in the Pd-olefin bonds: 
in A2 the Pd-C2 and Pd-C3 bonds are almost equal, 2.213 and 2.215 Å, while in A2a the Pd-
C2 bond is 0.05 Å longer than Pd-C3 bond. A decrease of the methyl-ethylene distance in A2a 
brings about the four-membered ring transition state TS(A2a-A3). The energy barrier 
associated with ethylene insertion is 9.6 kcal/mol.  
 
Relaxation of TS(A2a-A3) to the product side yields the kinetic insertion product A3, 
which exhibits -agostic bonding via the terminal methyl hydrogen. During this olefin 
insertion process, the Pd-C1 and Pd-C2 bonds are broken and Pd-C3 and C1-C2 bonds are 
formed. Structure A3is a real agostic complex with a Pd-Hagostic bond distance of 2.288 Å 
and C-Hagostic
 
bond distance of 1.113 Å (vs. 1.089 Å  in the free C2H4 molecule), where the 
Pd-N bond is longer by 0.046 Å while the Pd-Cmetallated is shorter by 0.112 Å compared with 
those in the reactant A2. These changes can easily be explained in terms of the trans 
influence.

The direct product of the insertion reaction,-agostic complex A3, is calculated to be 17.3 
kcal/mol lower in energy than A2. Furthermore, complex A3 can easily be converted into the 
final -agostic thermodynamic product A3 by twisting the C1-C2 bond. The reorganized 
transition state TS(A3-A3) lies 2.2 kcal/mol above A3. Thus, the entire initiation reaction 
from III-s is calculated to be exothermic by 9.6 kcal/mol, and the rate-determining step after 
ethylene coordination is the insertion of the olefin into the Pd-alkyl bond, which takes place 







































































































Figure 2.16 (A) Energy profile for the fisrt ethylene insertion process. Calculated Gibbs free energies 
(ΔG298.15K) at 298.15 K and 1 atm in kcal/mol relative to III-s are given. (B) Optimized structures of 
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2.4.1.2 Chain transfer processes 
-Hydride transfer and dissociation. The -agostic cis-alkyl complex A3 undergoes -
hydride elimination to give the olefin hydride complex A4 via transition state TS(A3-A4). 









 bond (1.428 Å) [cf. Figure 
2.17 (B)].  The relative energy for TS(A3-A4) from III-s is 9.8 kcal/mol, compared to the 
barrier of 19.6 kcal/mol when considered from A3. The C=C bond of the coordinated olefin 
in the complex A4 is rotated into the square-planar plane. Dissociation [Path (i) in Scheme 
2.12] of propylene from A4 requires energy of 24.9 kcal/mol relative to III-s to give the 
three-coordinate Pd-H complex A5-d, which is very close to the energy requirement for 
forming A1. This value is much smaller than the calculated energy for the elimination of 
propylene from -agostic diimine-palladium-propyl complexes, which is calculated to be 





































Scheme 2.12 Dissociative and associative olefin displacement as possible chain transfer processes.  
Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in kcal/mol relative to III-s are given 
in parentheses.  
 
-Hydride transfer and associative displacement. According to Brookhart et al.60 and Musaev 
et al.,
22
 the coordinating olefin rapidly exchanges with ethylene in solution via an associative 
mechanism [Path (ii) in Scheme 2.12]. This suggests the existence of a stable five-coordinate 
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state. For the associative olefin displacement from A4 to A6, the transition state TS(A4-A6) 
could not be located. However a five-coordinate intermediate
22, 61 
A5-a (see Figure 2.17) was 
found with a relative energy of 14.9 kcal/mol. The inability to locate the transition state for 
coordination of the second olefin [TS(A4-A6)], suggests that the second olefin coordination 
takes place without a barrier. Such observations, i.e., the inability to locate a transition state 





systems. Complex A5-a has a pseudo-square-pyramidal structure with one ethylene and one 
propylene, as well as Pd-H and Pd-Cmetallated bonds in the plane, while the P-N bond sits on the 
top of the plane, which is contrary to a trigonal-bipyramidal structure reported for 
Pd(II)diimine complex.
22
 The elongated Pd-N bond distance (2.848 Å) reveals the 
hemilability of the N^C ligand. The binding energy of the second ethylene is calculated to be 
only 9.5 kcal/mol compared to A4. This 18e species is electronically saturated and sterically 









































































Figure 2.17 (A) Energy profile for the chain transfer and -hydride elimination steps. Calculated 
Gibbs free energies (ΔG298.15K) at 298.15 K and 1atm in kcal/mol relative to III-s are given.  (B) 
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2.4.1.3 Chain propagation: ethylene dimerization and trimerization 
The chain propagation processes of the Cossee-type catalytic cycle we studied include a 
dimerization and a trimerization reaction. Isomerization via -hydride elimination and re-
insertion reactions was excluded in the study. Possible intermediates and transition states for 
dimerization and trimerization starting from the active species A6 are depicted in Scheme 
2.13. The energy profile and optimized structures are shown in Figure 2.19 (see p. 93). 
 
Chain propagation proceeds via the Cossee-type mechanism, including olefin insertion into 
the palladium-hydride or palladium-carbon bonds. Analogy with the initiation step, in which 
A2 and A2a were found, suggests that there may exist structures like A6a, A8a and A11a 
with an in-plane olefin. Since their roles in the reaction mechanism are not important, we have 
not searched for such structures. 
 
After the ethylene migratory insertion step, new metal-alkyl complexes will be formed, i.e. 
A9' and A12'. In general, for the metal-alkyl complex several structures with -, -, -agostic 
hydrogen etc. may exist. As concluded in the previous studies, the most stable conformation 
of the polymer chain contains a -agostic interaction, and the other agostic structures are 
expected to rearrange easily to the more stable -agostic one.
62 
Therefore, only -agostic 















































































































Scheme 2.13 Chain propagation process for the Cossee-type mechanism: ethylene dimerization and trimerization. Calculated Gibbs free energies (ΔG298.15K) 
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Chain propagation reactions to form a dimer and trimer 
The -agostic cis-ethyl palladium complex A7' was formed from A6 via the four-membered 
ring transition state TS(A6-A7') with an insertion barrier of 5.4 kcal/mol. As suggested by its 
analogous Pd-Me complex A1', the LUMO for A7' was estimated after breaking its -agostic 
Pd-H bond. It is the same as A1', the LUMO is not located on Pd atom (Figure 2.18). As a 
consequence, it requires isomerization of the more stable A7' to the less stable but more 
reactive trans mode A7 prior to uptake of ethylene monomer. Conversion of the agostic cis 
form A7' to its trans form A7 via a Y-shaped transition state TS(A7'-A7) requires 31.1 
kcal/mol energy. As expected, the DFT-estimated LUMO is found to be largely concentrated 








Figure 2.18 DFT estimated electrophilic site on trans/cis (N^C)Pd(CH2CH3) fragments A7 and A7'. 
This was deduced by plotting (a) total electron density over the LUMO density and (b) mapping the 
Fukui function, f(+), on the total electron density of the molecule. 
 
Propagation of the chain commences with uptake of an ethylene unit by A7. The new alkyl 
olefin complex A8 is calculated to be 5.5 kcal/mol exothermic relative to the complexation 
energy of A7 + C2H4. As shown in Figure 2.19 (B), the coordination of the olefin to A7 
distorts the geometry of the reactant, i.e. its -agostic feature disappears in A8. The next step 
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TS(A8-A9') to give a new metal-alkyl complex A9'. As seen in Figures 2.19(B) and 2.16(B), 
the structures of the transition states TS(A8-A9') and TS(A2a-A3), which are for olefin 
insertion into the Pd-CH2CH3 and Pd-CH3 bonds, respectively, are very similar. TS(A8-A9') 
is an early transition state with its geometry close to that of the reactant A8, and the barrier 
height calculated relative to complex A8 is 10.5 kcal/mol. After the transition state is crossed, 
the -agostic cis-butyl product complex A9' is obtained and calculated to be energetically 
lower than the reactant A8 by 18.9 kcal/mol.  
 
It has been known for a long time that late-transition metal catalysts can dimerize or 
oligomerize olefins due to competing -hydrogen elimination.
63 
Thus, the cis-butyl palladium 
complex A9, which is a key intermediate in the catalytic cycle, could undergo either -
hydride elimination to complete a dimerization cycle (isomerization is not considered) or 
ethylene insertion to form a longer chain oligomer. The butyl group in A9' undergoes 
isomerization to form A9 with the alkyl group trans to the N atom via the transition state, 
TS(A9'-A9). The addition of a new ethylene molecule to the complex A9 leads to ethylene 
trimerization. 
 
-Hydride elimination reactions 
For the dimerization process, the -agostic cis-butyl complex A9' undergoes -hydride 
elimination to give olefin hydride complex A10 via transition state TS(A9'-A10). For the -
agostic complex A9', the C-Hagostic bond length (1.151 Å) is calculated to be 0.05 Å longer 
than a non-agostic C-H bond (1.099 Å). Activation of the C-Hagostic
 
takes place with a 16.1 
kcal/mol barrier relative to the -agostic complex A9’. The transition state corresponding to 
this process, TS(A9'-A10), is a late transition state, as shown in Figure 2.18. The resulting 
complex, A10, is an asymmetric olefin -complex, which can easily rearrange both to the -
agostic complex A9’ due to the small barrier for the reverse reaction A10→A9' (0.9 
kcal/mol), and to the more symmetrical olefin -complex A10a (structure optimized without 
symmetry constraint). The barrier height from A10 to A9' is quite similar to the reported 
value for Pd(II) diimine analogues, which was calculated to be 0.2 kcal/mol.
22
 The barriers 
separating A10 from A10a corresponding to the rotation of the butyl fragment around the  
Pd-X axis, X being the centre of the CH2=CHCH2CH3 double bond. The transition state was 
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The -hydride elimination reaction for the trimerization process is very similar to that for the 
dimerization. Firstly, the optimized structure of the -agostic cis-hexyl complex A12' is very 




bond lengths. Secondly, the relative 
energy for TS(A12'-A13) from A12' is 15 kcal/mol and the barrier for the reverse reaction 
A13→A12' is calculated to be 1.4 kcal/mol. Finally, the resulting complex A13 is a 






























































































































Figure 2.19 (A) Energy profile for chain propagation process to form the dimer and the trimer. 
Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in kcal/mol relative to III-s are 
given. Black: ethylene dimerization, Red: ethylene trimerization. (B) Calculated bond distances (in Å) 
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2.4.2 Mechanism B: metallacycle pathway 
 
Although the polyethylene and ethylene oligomers produced by palladium catalysts are likely 
the result of a polymerization/oligomerization reaction that has followed a Cossee-type 
mechanistic pathway according to the literature, a metallacyclic pathway should not be 
excluded. There are many palladacycloalkanes that have been synthesized and studied as 
models for intermediates in olefin dimerization and oligomerization reactions.
64
 The key step 
in a metallacyclic pathway is the oxidative coupling of two coordinated ethylene units. In 
principle the oxidative coupling reaction can take place on M(0) or M(II) centres, to give, 
respectively, a M(II) or M(IV) metallacycle. As shown in Scheme 2.14, palladium is formally 
in a 2+ oxidation state in the starting complex IV-s, and stays the same oxidation state in the 
bis-olefin complex B3. The oxidation state of the metal ion is formally 4+ throughout for the 
rest of the structures except B6 and B9. If the oxidative coupling could occur on the Pd(II) 
centre of B3 to form the Pd(IV) metallacycle B4, then the catalytic reaction could follow a 
metallacyclic pathway.  
 
In this section, we explore the dimerization and trimerization reactions of ethylene via a 
metallacyclic mechanism by applying GGA/PW91/DNP functional to Scheme 2.14, to 






































































































Scheme 2.14 Metallcycle mechanism for ethylene dimerization and trimerization. Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in 
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2.4.2.1 Exploration of crucial elementary steps in the mechanism  
Oxidative coupling to generate the pallada(IV)cyclopentane 
First, the LUMO for the three-coordinate complexes IV-s and B2 were estimated in order to 
assess the possibility of olefin coordination to the palladium centre. In both cases, the LUMOs 
were largely located on the Pd atom, i.e., the nucleophilic attack by ethylene occurs at the 
palladium centre on IV-s and B2. This is also confirmed by the Fukui function [f(+)] analysis 
(Figure 2.20). The complex IV-s will therefore accept the coordination of two ethylene 
molecules stepwise. The two coordinated ethylene moieties undergo oxidative coupling, 
leading to the formation of the pallada(IV)cyclopentane B4. The key species for this step 








Figure 2.20 DFT-estimated electrophilic site on three-coordinate complexes IV-s and B2. This was 
deduced by plotting (a) total electron density over the LUMO density and (b) mapping the Fukui 
function, f(+), on the total electron density of the molecule. 
 
In structure IV-s, the negatively charged N^C bidentate ligand and the PPh3 ligand are both 
firmly bound to the Pd
+
 ion, and the Pd-N, Pd-Cmetallated and Pd-P bond distances are 2.135, 
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agostic interaction between one hydrogen atom and the palladium ion (3.104 Å), forming a 





, respectively. This may stabilize the coordinatively unsaturated structure. IV-s is a 
formal 14-electron species and lacks two electrons to fulfil the 16-valence electron count of 
palladium. This species is therefore able to accept the coordination of electron-donating 
ligands, such as an ethylene molecule. Upon the addition of one ethylene molecule the 
binding modes of the N^C ligand and PPh3 ligand clearly make the ligands in the coordination 
sphere less tightly bound to the Pd centre, i.e., the Pd-N, Pd-Cmetallated and Pd-P bond distances 









, respectively). In addition, the weak Pd-
Hphenyl agostic interaction no longer exists in B1. Consequently, there is more space for the 
coordination of the ethylene unit. The ethylene molecule (ethylene 1) is weakly coordinated to 
Pd via a -bonding interaction and is perpendicular to the square plane, as can be seen from 
the Pd-C distances of 2.397 and 2.411 Å. The relatively weak nature of the -bonding is 
reflected in the relatively short C-C bond distance of 1.360 Å, which is only 0.027 Å longer 
than the calculated C=C bond distance in free ethylene.   
 
The dissociation of the PPh3 group from B1 leads to the three-coordinate complex B2, in 
which the Pd-C distances for the ethylene fragment are symmetrical with lengths of 2.433 Å. 
The N^C ligand is more tightly coordinated to Pd compared to B1, i.e. the Pd-N and Pd-
Cmetallated bond distances are 2.118 and 2.018 Å, respectively. The 14-electron species accepts 
the coordination of the second ethylene molecule to form the bis-olefin complex, B3. Two 
ethylene molecules are coordinated in such a way that they are perpendicular with respect to 
each other. The new coordinated ethylene molecule (ethylene 2) has a strong interaction with 
the Pd, as can be seen from the Pd-C distances of 2.282 and 2.285 Å. The elongated C-C bond 
distance in ethylene 2 (1.375 Å vs. 1.333 Å non-coordinated) clearly indicates that there is a 
substantial amount of electron back-donation from the filled d orbital of Pd into the empty  
* orbital of the ethylene.
10
 In addition, the coordination of ethylene 2 makes the interaction 
between ethylene 1 and Pd relatively weaker, which is suggested by the slightly increased  
Pd-C bond distances for the ethylene 1 fragment (2.487 and 2.496 Å) and slightly decreased 
C-C bond distance (1.355 Å) compared to B2. The carbon atom in ethylene 2 exhibiting the 
longer Pd-C bond distance is designated for coupling with the other ethylene fragment as 
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The coordination of the first ethylene seems to take place readily with a very small barrier of 
0.8 kcal/mol relative to IV-s. The dissociation of the PPh3 group makes the complex B2 
coordinatively unsaturated. Unlike IV-s, B2 is energetically unstable due to the lack of a Pd-H 
agostic interaction and lies 30.4 kcal/mol above IV-s. The coordination of the second ethylene 
unit stabilizes the complex slightly. The energy barrier for ethylene coordination could be due 
to the relatively weak interaction between the ethylene moieties and the Pd atom compared to 
the other systems,
8,17(b)
 as well as the coordination mode of two ethylene units. In the Ti 
system studied by de Bruin et al.,
10
 two binding modes of the titanium bis-olefin were 
observed. The one with two ethylene molecules perpendicular to each other was found to have 
a higher energy.  
 
In view of this, we attempted to optimize a bis-olefin structure similar to the reported Ti and 
Cr bis-olefin complexes, in which two ethylene molecules almost form a flat plane with the 
metal centre.
8,17(b) 
We were, however, unable to optimize such a geometry; every attempt led 
to the formation of B3. This may be due to the position and shape of the LUMO orbitals in 
IV-s and B2, which prefer the coordination of the ethylene unit in a perpendicular position.   
 
Formation of the five-membered metallacycle Pd(IV) species B4 is obtained by oxidative 
coupling of the two ethylene fragments via the transition state TS(B3-B4). In TS(B3-B4) the 
coupling C-C bond distance is decreased from 3.280 Å in B3 to 1.766 Å, and the two new Pd-
C -bond lengths are 2.119 and 2.102 Å. The geometry of TS(B3-B4) is still a distorted 
square-planar arrangement. Once the metallacycle reaction is complete to form B4, these 
latter distances relax to 2.103 and 2.100 Å, respectively; the C-C bond distance becomes 
1.524 Å. The hemilabile character of the N^C ligand is shown by the elongation of the Pd-N 
distances from 2.167 Å→2.182 Å→2.212 Å in the sequence B3→TS(B3-B4)→B4, while the 
Pd-Cmetallated bond distance does not vary a lot. The DFT-optimized structure of B4 displays 
two agostic interactions between Pd and H atoms, i.e., Ha in the five-membered ring and Hb in 
the isopropyl group, with Pd···H agostic interactions of 2.575 and 2.388 Å, respectively. The 
two Pd···H agostic interactions make the configuration into a pseudo-octahedral geometry 
[Figure 2.21(A)]. This is consistent with general Pd(IV) complexes which normally have an 
octahedral geometry surrounding the Pd centre [Figure 2.21(B)]. The species B4 shows a cis-
orientation between two Hagostic atoms, and two metallacycles are perpendicular with respect 
to each other. Molecular structures of N^C metallacyclic Pd(IV) complexes have been 

























Figure 2.21 (A) DFT-optimized structure of the Pd(IV) metallacycle complex B4. (B) A general 
octahedral geometry of Pd(IV).  
 
Commencing from the perpendicular arrangement of the two reactive ethylene moieties in B3, 
further reorientation is required along the favourable pathway for oxidative coupling. As a 
consequence, the oxidative coupling is seen to be highly unfavourable kinetically and 
accompanied by a free-energy barrier of 36.4 kcal/mol [B3→TS(B3-B4)]. The transformation 
of the active species B3 into B4 is endothermic by 8.4 kcal/mol. These energies indicate that 
the formation of the pallada(IV)cyclopentane B4 is kinetically and thermodynamically 
unfavourable. It might be that B4 is an unstable species due to its pseudo-octahedral 
geometry, in which the two Pd-Hagostic b nds are not sufficient to stabilize the complex. In 



































































































































Figure 2.22 (A) Energy profile for the reaction cascade for generation of pallada(IV)cycle 
intermediates. Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm in kcal/mol are given 
relative to IV-s corrected in terms of respective number of ethylenes. (B) Optimized structures 
of key species involved. 
 
Increase of the size of the pallada(IV)cycle 
Starting from the pallada(IV)cyclopentane B4, the generation of larger metallacycle 
intermediates occurs via a repeated sequence of consecutive elementary steps of ethylene 
uptake and insertion into the Pd
IV
-C bond of the last generated pallada(IV)cycle, with the Pd
IV
 
formal oxidation state being preserved throughout the overall process. The free-energy profile 
of the reaction cascade for the metallacycle growth is shown in Figure 2.22, together with a 
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The coordination of an additional (third) ethylene molecule could occur at two positions on 
B4, i.e. (a) side position of the square plane, or (b) top position of the plane, which is shown 







Figure 2.23 DFT-estimated electrophilic site on pallada(IV)cyclopentane B4. (a) Side position of the 
square plane and (b) top position of the plane. 
 
As evident from Figure 2.22, ethylene uptake goes along with an elongation of the  
Pd···H agostic interactions (2.615 Å for Pd-Ha distance and 2.618 for Pd-Hb distance), to 
accommodate the incoming ethylene in the side position in B7. The ethylene preferably 
approaches perpendicular with respect to the square plane. Interaction of ethylene with the 
five-membered metallacycle B4 affords B7, in which the ethylene fragment is weakly 
coordinated via a long-range -interaction. This is evident from the elongated Pd-C distances 
(2.616 and 2.651 Å) between the Pd centre and the third ethylene in B7, as well as the 
relatively short C=C distance of 1.377 Å for the coordinated ethylene fragment. The 
elongation of the Pd-N and Pd-Cmetallated bonds is also observed compared to B4, which are 
2.296 and 2.073 Å, respectively. Insertion of the coordinated ethylene fragment by the C atom 
with longer Pd-C distance (2.651 Å) into the Pd-C4 bond, and not the Pd-C1 bond, of 
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compared to Pd-C1 bond (2.123 Å). After crossing the transition state TS(B7-B8), a seven-
membered metallacycle, B8 is formed. In TS(B7-B8) formation of the Pd-C6 (2.164 Å) and 
C4-C5 (2.088 Å) bonds and the rupture of the Pd-C4 (2.422 Å) and C5-C6 (1.417 Å) -bond 
proceed in a concerted fashion.  In B8 the new C4-C5 bond is 1.505 Å, and the new -Pd-C6 
bond is 2.128 Å. Since B8 is the “higher” homologue of B4, again, it has a pseudo-octahedral 
geometry with two Pd-Hagostic bonds, in which the Ha atom changes from a -position in B4 to 
a -position in B8, while Hb remains in place.  
 
The general trends analyzed so far on the basis of the structural characteristics of the involved 
key species are reflected in the energy profile (cf. Figure 2.22). Ethylene uptake in B4 is 
accompanied by an activation free energy of 4 kcal/mol relative to B4. The insertion reaction 
of the third ethylene has a relatively moderate activation energy of 22.9 kcal/mol 
[B4→TS(B6-B7)] compared to the similar insertion reaction (B3→B4 of 36 kcal/mol), and 
the reaction itself is exothermic (-17.9 kcal/mol), as a result of the relatively strongly 
coordinated N-atom (2.248 Å, Pd-N bond distance) in the product obtained, B7.  
 
Decomposition of pallada(IV)cycle intermediates under Pd
IV→PdII reduction affording  
-olefin 
According to the literature,
4
 this reaction step can proceed in two different ways. For the 
pallada(IV)cyclopentane B4, the first (stepwise) pathway involves a -hydrogen transfer to 
the Pd centre, while the oxidation state of Pd remains unchanged (B5), and 1-butene is 
coordinated to Pd at the 4-position involving a -bond; this reaction step is subsequently 
followed by a reductive elimination reaction to finally yield B6 (Path i in Scheme 2.15). This 
reductive elimination has been proposed for Cr and Pt systems.
66 
The second (concerted) 
pathway is the concerted reductive elimination from B4 via an agostic hydrogen transfer to 
form the -bonded Pd-butene complex (B6) (Path ii in Scheme 2.15). As the “higher” 
homologue of B4, the decomposition of pallada(IV)cycloheptane B8 can take place via these 




















































Scheme 2.15 Stepwise (Path i) and concerted (Path ii) reaction paths for the decomposition of 
pallada(IV)cycle intermediates affording -olefins, exemplified for the five-membered cycle. 
 
Our calculations show that, for a relatively small metallacycle such as B4, the decomposition 
step seems to occur exclusively via the stepwise pathway involving the Pd-H species, since 
TS(B4-B6) could not be located on the potential energy surface (PES). By contrast, this step 
for the relative large metallacycle B8, primarily takes place via the concerted pathway, i.e. a 
direct hydrogen transfer in the hydrocarbon cycle, assisted by the Pd metal centre [TS(B8-
B9)]. No stationary point on the PES could be located for the analogue of TS(B4-B5). This is 
also evident from unsuccessful efforts to optimize geometry similar to B5 for the hydride 
intermediate; each attempt leads to the spontaneous formation of B9. This behaviour has also 
been observed by Yu et al. for a Ta system
12
 and de Bruin et al. for a Ti system,
10
 in which a 
stepwise decomposition mechanism was calculated for the five-membered ring, while a 
concerted mechanism was operative for the seven-membered ring. The key species for this 


































































































































Figure 2.24 (A) Energy profile for the generation of a-olefins through decomposition of 
Pallada(IV)cycle intermediates. Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1atm in 
kcal/mol are given relative to IV-s corrected in terms of respective number of ethylenes. (B) 
Optimized structures of involved key species. 
 
Starting with the stepwise pathway for pallada(IV)cyclopentane B4, the transition state for -
hydrogen abstraction, TS(B4-B5), exhibits a hydrido-palladium bond that seems to be almost 
fully established already, together with an emerging olefinic subunit that is moving out of the 
coordination sphere of Pd
IV
. In this case, the hydrogen undergoing the transfer lies “above” 
the plane formed by Pd and two carbon atoms, making a kind of tetrahedral configuration 
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distances are relatively longer, 2.010 and 2.626 Å, respectively. Similar features were also 
observed in an analogous Ti complex.
10 
TS(B4-B5) is a later transition state, appearing with 
product-like geometry. It decays into a stable Pd
IV
-alkenyl-hydride intermediate B5. In B5 the 
alkenyl moiety is 1-coordinated to Pd
IV
 by its alkyl terminus (2.319 Å), and the C=C bond 
has a strong -interaction with Pd
IV
, as can be seen from the Pd-C bond distances of 2.296 
and 2.292 Å, as well as the relatively long C=C bond distance of 1.399 Å. For the subsequent 
reductive elimination, B5 then proceeds to the Pd--olefin complex, B6, via the transition 
state TS(B5-B6). This transition state is reached at a distance of 1.966 Å of the emerging CH 




The predicted free-energy for the decomposition of pallada(IV)cyclopentane B4 exhibits a 
double-valley curve, where almost identical activation barriers have to be overcome for the  
-hydrogen abstraction [31.2 kcal/mol for TS(B4-B5) – B4] and for reductive CH elimination 
[32.3 kcal/mol for TS(B5-B6) – B4]. The intervening Pd
IV
-alkenyl-hydride species, B5, is 
separated by free energy barriers of only 1.1 and 2.2 kcal/mol from the adduct and product 
sides. The overall stepwise process, B4→B5→B6, is calculated to be highly exothermic (-26.4 
kcal/mol), again, due to the instability of the Pd
IV
 intermediates.  
 
In the case of pallada(IV)cycloheptane, B8, 1-hexene is formed by the decomposition 
occurring through a concerted -hydrogen transfer (C
→C‟ hydrogen transfer), without a 
stable hydride intermediate involved. As revealed for TS(B8-B9), the hydrogen, the 
palladium, and the two carbon atoms that are involved in the hydrogen transfer (C and C) all 
lie practically in the same plane (Figure 2.24). Such geometry is not possible in TS(B4-B5), 
due to the small ring size of the metallacycle. Moreover, the C-H bond distances are 
significantly shorter than in TS(B4-B5), i.e., 1.278 Å for the C2-H bond and 1.930 for the  
C6-H bond. It is noteworthy to mention that the distance from the transferring hydrogen atom 
to C6 is significantly longer than that to C2, i.e. 1.930 Å and 1.278 Å, respectively, unlike the 
quasi-equal distances in Ti and Cr systems.
8,10,11
 Since the coordination geometry of Pd
IV
 is 
octahedral, the Pd-C6 bond is trying to sit on the square plane to maintain the pseudo-
octahedral geometry; as a result, C6-H bond has to be elongated. On the other hand, the Pd-H 
distance in TS(B4-B5) is slightly smaller than in TS(B8-B9): 1.660 and 1.760 Å, 
respectively. The synchronous -hydrogen is completed after crossing TS(B8-B9) with the 
formation of the Pd
II
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its double bond to Pd
II
. This elementary step is accompanied by a decrease in the coordination 
sphere around the palladium presenting a square-planar arrangement with a Pd-Hagostic 




In the decomposition step of the palladacycloheptane B8, the energy barrier for the 
transformation of B8→B9 is 22.6 kcal/mol, which is significant, and higher than those for 
similar transformations in the Cr and Ti systems by 14.5 and 10.2 kcal/mol, respectively.
8,11 
On the other hand, the reaction step B8→B9 is significantly exothermic by -24.3 kcal/mol, 
similar to the stepwise process, B4→B5→B6.  
 
2.4.3 Discussions on the theoretical studies of a possible mechanism 
 
2.4.3.1 The entire catalytic reaction course: comparison between Cossee-type and 
metallacyclic mechanisms 
On the basis of careful theoretical exploration of crucial elementary steps of the two 
mechanisms, we are now able to present the free-energy profiles of the two catalytic cycles. 
Figure 2.25 depicts the most feasible pathways for each of the crucial elementary steps for the 
linear dimerization and trimerization of ethylene via both Cossee-type and metallacyclic 
mechanisms.  
 
In the Cossee-type mechanism, the step for rotation of the olefin fragment in palladium 
complex, A2→A2a, and formation of -agostic alkyl complex from its -agostic precursor, 
A3→A3, was not presented in the entire energy profile, since their role in the mechanism is 
not important. In addition, the dissociative olefin displacement was used as the chain transfer 
process to generate a Pd-H species.  
 
In the metallacycle mechanism, the starting structure IV-s is generated from the formal 
methyl-abstraction by MAO. In the Pd/MAO interaction studies, IV-s was found to be higher 
in energy than III-s, ranging between 3.6 and 16.2 kcal/mol (∆E0K) (cf. Section 2.3.2). There 
are spurious imaginary vibrational modes due to methyl rotations that could not successfully 
be eliminated; therefore, full frequency analysis was not applied to the Pd-MAO complexes. 
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(IV-s) species on the same diagram, we assumed an average energy of 10 kcal/mol in Gibbs 
free energy (ΔG298.15K), which should represent a viable difference between III-s and IV-s. We 
can therefore plot the entire profile of the metallacyclic pathway together with the Cossee 
pathway. The Gibbs free energies (ΔG298.15K) of the key intermediates and transition states in 

































































































































































Chain initiation (A) Ethylene dimerization (A) Ethylene trimerization (A)










Figure 2.25 The energy profiles for the entire catalytic course via the Cossee-type mechanism (A) (black and purple solid lines) and the metallacycle 
mechanism (B) (red and green dotted lines). The most likely pathway is plotted as solid line. Calculated Gibbs free energies (ΔG298.15K) at 298.15 K and 1 atm 
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Kinetic effects  
As can been seen in Figure 2.25, the overall barrier for the metallacycle mechanism, from  
III-s to TS(B5-B6), is 72.3 kcal/mol, while that for the Cossee-type mechanism, from III-s to 
TS(A7'-A7), is more than three times lower, i.e. 19.3 kcal/mol. Therefore, the metallacycle 
mechanism is kinetically disfavoured due to the higher overall barrier. This kinetic effect is, 
however, not mainly caused by differences in individual elementary step barriers between the 
two mechanisms due to the fact that barriers for elementary reaction steps between the two 
mechanisms are similar. For example, from the Pd(II)-bis-olefin complex B3, the oxidative 
coupling reaction requires 36.4 kcal/mol to produce the pallada(IV)cyclopentane B4, which 
reflects the largest single barrier for the metallacycle mechanism (B3→B4). On the other 
hand, the largest single barrier for the Cossee-type mechanism is 33.5 kcal/mol, for the 
isomerization of cis-alkyl species A9' to its trans form A9 (A9'→A9). 
 
This indicates that the Cossee-type mechanism being kinetically favoured over the 
metallacycle mechanism is not caused by significant differences in individual elementary step 
barriers or a single rate determining step in either of the two mechanisms. Ultimately we 
conclude that it is differences in thermodynamics that causes the differences in overall 




As shown in Table 2.2, the thermodynamic energy difference between the two catalyst 
precursors, III-s and IV-s, is 10 kcal/mol. By taking up the first ethylene unit to form A6 and 
B2, respectively, the thermodynamic difference increases dramatically to 34.8 kcal/mol. This 
difference further increases after the second and third ethylene uptake, where a 37.6 kcal/mol 
energy difference is noted between A8 and B3, which becomes much more significant 
between A11 and B7, i.e. 59.5 kcal/mol. Therefore, the thermodynamic energy difference 
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Table 2.2 Comparative data for thermodynamic energy differences between the Cossee-type and metallacycle mechanisms 
 Catalytic step 
Cossee-type Metallacycle 
Thermodynamic energy 
difference (kcal/mol) Species ΔG298.15K* (kcal/mol) Species ΔG298.15K* (kcal/mol) 
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It can therefore be concluded that the Cossee-type mechanism is thermodynamically favoured 
with each uptake of ethylene, and the overall kinetic favouring of the Cossee-type mechanism 
is dictated by the thermodynamic differences of individual elementary steps.   
 
In our cyclometallated palladium catalyst system, the possibility of ethylene oligomerization 
reaction through a metallacyclic pathway can therefore be excluded. This is in good 
agreement with literature reported experimental and DFT results in favour of the Cossee-type 




2.4.3.2 Discussion on Cossee-type mechanism 
The Cossee-type mechanism in the current study includes a chain-initiation process, which we 
studied starting from the model complex III-s, and the chain-growth and chain-transfer 
mechanisms for ethylene dimerization and trimerization. 
 
As is evident from the alkylation reaction of the Pt analogue, the Pt-CH3 complex in which 
the methyl group is cis to the metallated carbon atom was predominantly produced (Eq. 2.1 in 
Section 2.4.1). The formation of the Pd analogue III'-s, therefore, is considered likely to be 
formed from the alkylation reaction by MAO. If both Pd-CH3 complexes III'-s and III-s 
could be generated, two Pd-H active species would consequently be generated. The Fukui 
function [f(+)] of the three-coordinate complexes A1 and A1', corresponding to reactivity 
with respect to nucleophilic attack, shows there is only one structure, viz. A1, which has an 
electrophilic site on Pd which will allow an ethylene molecule to attack at the Pd centre. This 
is similar for the rest of the three-coordinate Pd-H and Pd-alkyl complexes. We believe that 
this is one of the most characteristic features of a benzylidenebenzylamine ligand which 
differentiates it from other anionic bidentate ligands. For example, the electrophilic site of 
both three-coordinate palladium analogues with the N^O ligand is largely located on the Pd 


































Figure 2.26 DFT-estimated electrophilic site on three-coordinate Pd-methyl complexes: (a) with N^C 
ligand, (b) with N^O ligand. 
 
However, such a characteristic feature makes the mechanism a bit more complicated. To start 
chain initiation from III'-s, a cis/trans isomerization process needs to occur either from III'-s 
to III-s or from the three-coordinate A1' to A1 if A1' exists. Both routes have to overcome a 
barrier of ca. 30 kcal/mol to c oss the transition states and might be impossible to proceed. 
Therefore, the Pd-H generation step is suggested to take place from III-s. The activity of the 
catalyst could be dependent on the extent of the formation of III-s from the alkylation step by 
MAO. If III-s is formed as major product, the activity should be high, and vice versa.  
 
Consequently, the most interesting feature in the chain propagation is the isomerization of the 
cis-Pd-alkyl complexes to their trans forms, i.e., A7'→A7 and A9'→A9, which allows the 
nucleophilic attack by ethylene to occur on the Pd centre. The energy barrier for each 
isomerization step is consistently ca. 32 kcal/mol, which is kinetically unfavourable. Energy 
in the form of heat would be necessary in the actual catalytic process to facilitate the 
isomerization process to initiate the overall reaction. For all pairs of cis/trans isomers in the 
intermediates (III'-s/III-s, A1'/A1, A7'/A7 and A9'/A9), the alkyl group or hydrogen atom 
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Both the associative and dissocative mechanisms were studied for the ethylene-substitution 
reaction in the chain growth initation process, and for the ethylene-displacement reaction in 
the chain-transfer process. In each case, the associative mechanism was calculated to be 
energetically lower than the dissociative route by ca. 10 kcal/mol, and was more likely to 
occur in the catalytic cycle. 
 
For -hydride elimination from the -agostic cis-butyl complex A9' to form Pd(H)(olefin) 
A10, an energy barrier of -8.8 kcal/mol for the transition state TS(A9'-A10) should be 
overcome, resulting in formation of 1-butene. In contrast, much higher barriers should be 
overcome in order to reach the -agostic trans-butyl complex A9 via TS(A9'-A9) (8.6 
kcal/mol), and from A9 a third ethylene molecule could be taken for a trimerization process. 
The difference between the two transition states is 17.4 kcal/mol, suggesting that a statistical 
distribution of -olefins and/or polymers is not likely. Instead, dimers should be formed 




In this study we have presented a detailed theoretical investigation into the interactions of 
MAO models with a cyclometallated palladium precatalyst and into the crucial elementary 
steps of the linear dimerization and trimerization of ethylene to 1-butene and 1-hexene, 
respectively, by the Cossee-type and metallacycle mechanisms.  
 
The Pd/MAO interactions showed that the energy difference between a neutral MAO-
dissociation process and a formal methyl-abstraction process is relatively small, i.e. 3.6 
kcal/mol using a (AlOMe)6-TMA cage, or 7.6 and 16.2 kcal/mol using (AlOMe)9-TMA 
cages. This suggested that the Cossee-type mechanism takes place in the main, but that 
metallacycle mechanisms could also be feasible when additional energy was employed.  
 
On the basis of DFT calculations on the crucial elementary steps of the two mechanisms, it 
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overall barrier. As barriers for elementary reaction steps between the two mechanisms were 
found to be similar, the kinetic favouring of the Cossee-type mechanism over the metallacycle 
one is not caused by barrier differences of individual elementary steps or a single rate 
determining step in either of the two mechanisms. On the contrary, the overall kinetic 
favouring of the Cossee-type mechanism is dictated by thermodynamic differences for 
comparable elementary steps in the two mechanisms, i.e., the Cossee-type mechanism is 
thermodynamically favoured with each uptake of ethylene. 
 
For the current Cossee-type mechanism, the isomerization of -agostic cis-alkyl complexes to 
their trans form for the uptake of an ethylene molecule was found to be an unusual feature. 
The activity of the catalysis reaction is possibly dependent on the extent of the formation of 
the cis-methyl complex III-s. The selectivity of the olefin formation depends on the barriers 
for chain propagation and -hydride elimination from -agostic cis-alkyl complexes. These 
barriers from A9' were found not to be similar, with an energy difference of 17.4 kcal/mol. 
Thus, without extra introduced energy, -hydride elimination dominates over the olefin 
propagation, leading to the production of butenes as major product. Therefore, one could 
expect low activity and production of mainly butenes with this catalytic system, in agreement 




The variation of the substituents on the cyclometallated phenyl ring could play a vital role in 
the catalytic reactions by tuning the electronic and steric environments of the Pd centre. This 
may lead to similar orbital features to the Pd(N^O) complexes as shown in Figure 2.26, i.e., 
both cis and trans isomers could be reactive with the ethylene molecule, which could 
overcome any difficulties in cis/trans isomerization and make the catalyst more active. This 
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Chapter 3 
Dimethylsulfoxide Platinum(II) Complexes of N-benzylidenebenzylamine 
and N-salicylidenebenzylamines: Spectroscopic and Structural 





It has been demonstrated in Chapter 1 that there is much interest in the use of Pd-based 
catalyst systems for ethylene oligomerization. In general these catalysts have a less sterically 
bulky environment and a combination of hetero-donor bidentate coordination like N^N, P^N, 
P^O chelates, among which, complexes containing hetero nitrogen donor ligands are the most 
widely reported in literature. 
 
Recently, Mungwe and Swarts, working in Mapolie‟s group at Stellenbosch University, 
synthesized new palladium complexes bearing N-benzylidenebenzylamines (I) through a 
cyclometallation method.
1 
These complexes were prepared as candidates for ethylene 
oligomerization; however, low or no activity was observed. They were also tested for 




X = H, Cl, Br, Me
R = 2,6-di-iPr, Ph, Pr









The poor activity of the complexes towards ethylene oligomerization could be due to various 
factors, including non-activation of the palladium pre-catalyst by the co-catalyst or inactivity 
of the palladium catalyst itself toward ethylene oligomerization. A third possibility is that the 
palladium catalyst dimerizes ethylene and the volatile butenes formed are lost during the 
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Density functional theory (DFT) is an important tool for computational investigations on 
Group 10 complexes today, as demonstrated by Dedieu.
3
 Keeping the above possible factors 
in mind, we have predicted (i) the possible interactions between the cyclometallated 
palladium complex and three TMA-expanded MAO models, and (ii) possible mechanism for 
ethylene oligomerization, reported in Chapter 2. By means of DFT we have been able to 
conclude that the ethylene oligomerization reactions catalysed by cyclometallated palladium 
complexes have low activity and produce mainly ethylene dimers, and we could rationalize 
the observations made during actual catalytic reactions.  
 
The role played by the ligands in ethylene oligomerization, as in almost all kinds of catalytic 
reactions, is particularly important. It is of interest to consider a nitrogen containing ligand 
system having similar features to N-benzylidenebenzylamines (N^C), which could be utilized 
in olefin oligomerization/polymerization as well as in Suzuki and Heck reactions. Therefore it 
would be interesting to compare the chemistry of its transition metal complex with the (N^O) 
analogue to investigate the ligand effects on properties of the transition metal complexes and 
their subsequent effects in ethylene oligomerization. 
 
Salicylaldimines are (N^O) chelates, and there has been much focus on the use of transition-
metal-complexes bearing salicylaldimines as polymerization catalysts.
4
 Palladium complexes 
have been investigated as catalysts for polymerization of methyl acrylate, acrylonitrile, and 
norbornene.
4(b),5
 Palladium complexes bearing N^O chelating ligands have also been reported 
to catalyze ethylene oligom rization, as shown in Chapter 1 (33 and 34 in Table 1.2). The 
phenoxyimine palladium complex Pd-A was synthesized and tested for ethylene 
oligomerization by Mogorosi, and was found to produce up to 99% of butenes in the presence 
of the co-catalyst EtAlCl2.
6
 Complexes of this metal have proven to be versatile and flexible; 
for example, palladium (N^O) complexes were also found to be effective catalysts for the 
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As previously mentioned, we consider (salicylidene)(2,6-diisopropylphenyl)amine (N^O, LB) 
as an analogue of the currently studied ligand (benzylidene)(2,6-diisopropylphenyl)amine 
(N^C, LA). These two ligands have similar nature, i.e. both are mono-anionic heteroditopic 
ligands, and their palladium complexes are known to catalyze C-C cross-coupling reactions. 
On the other hand, the Pd-Me complex Pd-B with (salicylidene)(2,6-diisopropylphenyl)amine 
(LB) showed activity for copolymerization of an olefin with a polar monomer.
8
 
(Salicylidene)(phenyl)amine (LC) has also been considered in this study, where it can be used 












Platinum is a member of the Group 10 metals and lies below palladium in the periodic table. 
It has a very similar chemistry to that of palladium. The most stable oxidation states for both 
metals are the +2 and +4 states. In their most common oxidation state (+2) both metals have a 
d
8 
configuration and constantly form square-planar diamagnetic complexes with various 
ligands and where the metal is dsp
2 
hybridized. Both metals are characterized as soft acids. 
Pt(II) complexes are generally more stable than Pd(II), both thermodynamically and 
kinetically.
9
 Furthermore, cyclometallated platinum group metal complexes containing 
nitrogen ligands have been extensively studied,
10
 and the synthetic routes are well established. 
In view of this, platinum complexes bearing both (N^O) and (N^C) ligands have been chosen 
as model complexes for the palladium catalysts for comparative studies. 
 
This chapter describes the synthesis and characterization of a dmso-ligated cyclometallated 
platinum complex bearing (benzylidene)(2,6-diisopropylphenyl)amine (LA) and its analogues 
containing (salicylidene)(2,6-diisopropylphenyl)amine (LB) or (salicylidene)(phenyl)amine 
(LC). These compounds have been characterized using a range of analytical and spectroscopic 
techniques, including 
1





FTIR spectroscopy, mass spectrometry and elemental analysis. Single crystal X-ray structure 
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chelating ligands bonded to the Pt atom has been compared both by looking at spectroscopic 
features and crystal structure properties. 
  
3.2 Results and Discussion 
 
3.2.1 Synthesis and characterization of dmso platinum(II) complexes 
 
3.2.1.1 Cyclometallated platinum(II) complex of (benzylidene)(2,6-diisopropylphenyl)amine  
(Benzylidene)(2,6-diisopropylphenyl)amine, ligand LA was prepared by a condensation 
reaction of the amine with the corresponding aldehyde.
1
 Complex C1 was obtained via the 
cyclometallation reaction of the ligand with cis-[PtCl2(dmso)2]. Initially, the reaction was 
carried out according to the most widely reported conditions,
11,12
 using cis-[PtCl2(dmso)2], the 
imine and Na(CH3CO2) in a 1:1:1 ratio and heating the obtained mixture in refluxing 
methanol for 48 h. The formation of metallic platinum was however observed. Workup of the 
reaction mixture included filtration of metallic platinum and other insoluble residues, 
followed by crystallization of the desired compound C1 from dichloromethane (DCM) and 
methanol (MeOH), to yield bright yellow microcrystals. However, the yield was extremely 
low, ca. 7%. It was thought the low yield was due to the decomposition of the  
























(i), cis-[PtCl2(dmso)2], dry MeOH, in presence of sodium acetate
EtOH
 
Slight modifications were introduced in order to obtain a higher yield. Following a method 
reported in the literature,
12
 the reaction was carried out under nitrogen using dry toluene and 
heated at 90 
o
C for 48 h. It was reported that smaller amounts of metallic platinum are formed 
under these conditions.
13
 In this case, however, there was no noticeable reduction of metallic 
platinum formation and the crystallization of compound C1 from the resultant dark reaction 
mixture was not successful. Since it was assumed that a higher concentration of the base 
could favour the cyclometallation process,
13
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molar ratio [Pt]:[LA]:[acetate] = 1:1:2. The reaction was carried out under nitrogen in dry 
methanol and heated at 65 
o
C for 48 h. Under these conditions, an improved yield at ca. 25% 
was obtained. The low yields are possibly caused by the decomposition of the platinum 





3.2.1.2 Platinum(II) complexes of salicylidenebenzylamines  
In order to achieve the successful syntheses of the analogous salicylidenebenzylamine 
complexes, the reactions of imines LB and LC were tested under different conditions. 
Following the method for the synthesis of compound C1, the reaction of ligand LB with cis-
[PtCl2(dmso)2] in the presence of Na(CH3CO2) in a 1:1:1 ratio was carried out in refluxing 
methanol. Two isomeric products were obtained (Eq. 3.2). The use of column 
chromatography (silica, ethyl acetate:hexane = 15:85) allowed the separation of these two 
products. Both compounds are thermally stable, with the trans complex C2b (when L is trans 
to the N atom, L = dmso) being slightly more stable than its cis analogue C2a (when L is cis 















































Table 3.1 summarizes the different experimental conditions studied and the relevant ratios of 
C2a:C2b obtained. When LB was treated with an equimolar amount of cis-[PtCl2(dmso)2] in 
the presence of NaOAc in refluxing methanol for either 30 min (the minimum period required 
for complete dissolvation), or 2 h, the ratio of C2a:C2b is around 5:1. A similar ratio was 
obtained when the reaction was carried out at room temperature with stirring overnight. When 
the reaction time was increased in the refluxing methanol (Table 3.1 entry IV), the ratio of the 
two isomers was observed to decrease to 1:1. It indicates that C2a converts to C2b during the 
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Table 3.1 Summary of the experimental conditions [reagents, temperature (T) and reaction time (t)] 
used to prepare platinum(II) complexes C2a + C2b 
 Reagent (molar ratio) T t Final products 
I LB + cis-[PtCl2(dmso)2] + NaOAc (1:1:1) 298 K 16 h C2a:C2b = ~ 5:1 
II LB + cis-[PtCl2(dmso)2] + NaOAc (1:1:1) reflux 30 min C2a:C2b = ~ 5:1 
III LB + cis-[PtCl2(dmso)2] + NaOAc (1:1:1) reflux/298K 2 h/16h C2a:C2b = ~ 5:1 
IV LB + cis-[PtCl2(dmso)2] + NaOAc (1:1:1) reflux 16 h C2a:C2b = ~ 1:1 
V
*
 LB + cis-[PtCl2(dmso)2] + NaOAc (1:1:1) Reflux/298K 2 h / 48 h C2a:C2b = ~ 1:3 
*
 cis-[PtCl2(dmso)2] was suspended in methanol and the mixture refluxed until complete dissolution. The hot and 
yellow solution was filtered, and the filtrate was added to a solution containing LB. The resulting mixture was 
stirred at room temperature for 48 hrs until some Pt black formed. All reactions were carried out in MeOH. 
 
The initial steps in the proposed mechanism of cycloplatination of the ligand by  
cis-[PtCl2(dmso)2] are shown in Eq. 3.3.
14
 It is suggested that one dmso ligand dissociates 
from cis-[PtCl2(dmso)2] in methanol and is replaced by a methanol molecule, after which 
there is a conversion to the trans geometry. The aim of refluxing cis-[PtCl2(dmso)2] in 
methanol (Table 3.1 entry V) until its complete dissolution was to obtain an intermediate 
complex with two Cl
-
 ligands trans to each other before reaction with LB. From the final 



















In order to determine any steric effects of the ligand, platinum complex C3 was synthesized 
by the reaction of the ligand LC with cis-[PtCl2(dmso)2] under the reaction conditions outlined 
in entry I in Table 3.1. In this case, complex C3 precipitated out of the solution as a single 








































All the dmso platinum(II) complexes C1 – C3 were obtained as bright yellow crystalline 
solids after recrystalization from DCM/MeOH or DCM/n-hexane. They were found to be 
highly thermally stable and air stable in the solid state. These complexes were characterized 
by elemental analysis, mass spectrometry, IR and NMR spectroscopy and were also 
characterized crystallographically.  
 
3.2.1.3 IR spectroscopy and mass spectrometry  
IR spectroscopy was used to confirm the presence of functional groups indicative of a 
successful reaction. Coordination of the imine nitrogen to the platinum metal centre was 
confirmed by a bathochromic (red) shift (38 cm
-1
 for C1, 18 cm
-1
 for C2 and 6 cm
-1
 for C3) of 
the imine stretching vibration bands in the region C=N 1601 – 1607 cm
-1
 with respect to the 
free ligands (Table 3.2). Furthermore, the IR spectroscopic data of the trans complexes 
revealed a bathochromic shift of around 12 cm
-1
, with S=O stretching vibration bands 
appearing at 1139 and 1140 cm
-1
 for C1 and C2b, respectively. In contrast, a hypsochromic 
(blue) shift around 4 cm
-1
 was observed for the cis complexes with S=O stretching vibration 
bands at 1154 and 1155 cm
-1
 for C2a and C3, respectively. For complexes with (N^O) 
ligands, C2a, C2b and C3, the disappearance of the band at 2884 cm
-1
 (due to the OH) 
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8.31 (d, 7.83 
Hz, JPt-H = 40.1 
Hz) 
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6.64 (d, 7.42 
Hz) 
162.7 46.4 117.6 




(d, 6.87 Hz) 
 
7.53 (d, 1.74 
Hz) 
161.4  128.6 




(d, 6.90 Hz) 
 6.99 (t, 7.50 Hz) 162.1  117.0 
LC   1613  8.64 (s)    
6.97 (td, 7.4, 
0.1 Hz) 
162.6  116.8 
cis- 
[PtCl2(dmso)2] 
 1151      
3.52 (s, 
JPt-H  = 
40.1 Hz) 
    
i
 L is cis to N atom (L = dmso, PPh3) 
ii 
Recorded as KBr pellets.  
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Excellent microanalytical data and positive ion mass spectra were consistent with the 
proposed structures for the dmso complexes C1 – C3. Different abundances for the 
fragmentation pathways were observed in the mass spectra of these complexes. The proposed 
fragmentation patterns of complexes C1 and C2b are shown in Scheme 3.1 and the actual 
spectra are illustrated Figure 3.1. The (N^C) complex C1 generated an ion cluster at m/z 540.2 
– 545.5. The isotope distribution pattern and m/z values allow assignment of this ion to the 
fragment [C1 - 2Me]
+
. The most abundant cluster is found at m/z 498.2 – 503.2, 
corresponding to the further loss of an isopropyl group from [C1 - 2Me]
+
. The fragment at m/z 
457.1 can be assigned as [Pt(N^C)]
+
, resulting from the loss of the chloride and dmso groups 
from C1.  
 
The mass spectra of the (N^O)-containing complexes C2a and C2b were similar; the cis and 
trans geometries did not affect the fragmentation pattern observed. As shown in Scheme 3.1, 
similar fragmentation pathways to that of C1 (A) were obtained for complex C2b (B). The 
most abundant peak is due to the loss of the chloride and dmso groups from C2b. The two 
minor fragment ions at m/z 612.1 and 639.3 in Figure 3.1 (B) are attributed to the sodium 
adducts, [C2b + Na]
+
 and [C2b + 2Na]
+
. There are also two peaks corresponding to 
sequential loss of a chloride and a dmso group from the [C2b + Na]
+
 adduct, to yield [C2b + 
Na - Cl]
+
 (m/z 575.1) and [C2b + Na – Cl - dmso]
+
 (m/z 497.1). Similarly, the fragment at m/z 
557.2 can be assigned as [C2b + 2Na - dmso]
+
, due to the loss of dmso from the [C2b + 
2Na]
+
 ion. The higher m/z range of the spectra for C2b (m/z 650-780) contain two relatively 
significant clusters. These could be due to the chelation of a dissociated (N^O) ligand (LB) to 
the [Pt(N^O)]
+ 
ion to generate a [Pt(N^O)2]
+
 fragment (where N^O = LB). The peak at m/z 
719.3 can be attributed to [Pt(N^O)2 + Na - 
i
Pr - Me - H]
+
, and the relatively strong peak at m/z 






The mass spectrum of complex C3, containing a less bulky (N^O) ligand, is relatively simple 
compared to those of C1 and C2a, b. The parent ion was observed at m/z 506.0, and the most 
abundant cluster at 469.05 m/z is due to the loss of chloride from the parent ion, i.e. [C3 - 
Cl]
+
. The peak at m/z 391.0 can be assigned to the fragment ion [C3 – Cl - dmso]
+
. The 
fragment due to the sodium adduct of the parent ion [C3 + Na]
+
 is found at m/z 528.0. In 
addition, minor peaks at higher m/z ranges were assigned as [Pt(N^O)2 +2 Na]
+
 ion (m/z 
635.2) (where N^O = LC) and the sodium adduct of the dimer ion [(C3)2 + Na]
+
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It has been reported for palladium complexes that the formation of dimeric ions in ESI mass 
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3.2.1.4 NMR spectroscopy 
Selected 
1
H NMR chemical shifts of the free ligands LA - LC and their corresponding dmso 
platinum(II) complexes are shown in Table 3.2. The assignments of the observed resonances 




H NMR spectra of complexes C1 – C3 showed imine protons (H
a
) appearing in the 
region  7.73 – 7.95 ppm which coupled to platinum. The observed upfield shift of  0.26 – 
0.81 ppm with respect to the free ligands could be attributed to -back-bonding from platinum 
to the imine bond, and confirmed coordination of the imino nitrogen to the metal centre. The 
1
H NMR data for the cyclometallated complex C1 agrees with the data reported for similar 
complexes.
16
 Both the imine proton (H
a
) and the aromatic proton adjacent to the metallated 
position (H
5
) are coupled to platinum with coupling constants of J = 114.3 and J = 40.1 Hz, 
respectively, which confirms the formation of a bidentate [C,N] chelate system. The presence 




C}-hetero-correlation spectra can 
also be taken as evidence of cyclometallation. In the 
1
H-NMR spectra of (N^O) complexes 
C2a, C2b and C3, the disappearance of the phenolic proton around  13.5 ppm suggested 
successful deprotonation and formation of a phenoxy -bond with the metal centre. For the 
cis complexes C2a and C3, the imine protons display large JPt-H values of 93.3 and 86.3 Hz, 
respectively, consistent with the presence of a chloride ligand in a trans position to the 
nitrogen atom. Conversely, for the trans complex C2b, the JPt-H for the imine hydrogen is 
reduced (63.3 Hz) compared to the cis isomer, which is consistent with the presence of a 
dimethylsulfoxide ligand in a position trans to the nitrogen atom. A similar phenomenon has 




For complexes C1, C2a and C2b, signals corresponding to the methyl protons of the 
isopropyl moieties (H
c/c‟
) on the ligands were split into two doublets, indicating that rotations 
between the nitrogen and the ipso carbon of these complexes are restricted. A downfield shift 
of  0.23 – 0.48 ppm was also observed for the methylene protons of the isopropyl moieties 
(H
b
), presumably due to the coordination of the imine nitrogen and consequent deshielding of 
these protons. Both methyl groups of the dimethylsulfoxide (H
d
) are equivalent and coupled 
to platinum in (N^C) complex C1, and the chemical shift does not change with respect to cis-
[PtCl2(dmso)2]. However, this is not observed in the complexes with (N^O) chelate systems. 
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protons is observed upon coordination and the JPt-H  value is reduced to 13 – 18 Hz. On the 
other hand, the chemical shift of the aromatic proton H
2
 in (N^C) complex C1 showed an 
upfield shift of 0.52 ppm, while there is no change in the (N^O) complexes. Compared to 
their related free bidentate ligands, there are significant downfield shifts (0.78 – 1.32 ppm) of 
the aromatic proton H
5
 in the trans complexes C1 and C2b (the dmso group is trans the 
nitrogen atom). On the contrary, the chemical shifts of H
5
 in the cis complexes C2a and C3 
showed little change upon coordination. This suggests that when the dmso group is trans to 
the nitrogen atom and close to the aromatic proton H
5
, the latter is more deshielded by dmso.  
 
Although cyclometallated platinum complexes of the type described in this chapter are 
known, it appears that their 
13
C-NMR spectra have not been reported anywhere in the 
literature. Examples of platinum complexes with N^O chelates are particularly rare. In this 
section, the 
13
C NMR spectra of the dmso ligated platinum complexes are described. The 
selected chemical shifts are shown in Table 3.2.  
 
The carbon NMR spectra for all dmso ligated complexes show the expected number of peaks. 




C HSQC spectroscopy. 
Coordination of the imine nitrogen was confirmed by the downfield shifts of the imine signal 
(C
a
) in the 
13
C NMR spectra of C1 – C3. Similar trends have been noted in the literature for 
related palladium complexes.
17
 The change in chemical shift of C
a 
for the (N^C) complex C1 
was more significant (19.65 ppm) than those for (N^O) complexes (0.1 – 1.8 ppm), probably 
due to the coordination of the aromatic carbon (C
6
) to the platinum centre and consequent 
deshielding of C
a
 in complex C1. Furthermore, the imine carbon for the cis isomer C2a 
appears more upfield than that for the trans isomer C2b. The signal for the dmso carbons (C
d
) 
occurs as a doublet at approximately 47 ppm for all complexes except C2b. The peak of C
d
 in 
C2b appears more upfield (42.31 ppm) than its cis isomer C2a, presumably due to a lesser 
degree of deshielding by the oxygen atom. For the trans complexes C1 and C2b, the peaks 
representing the methyl carbons (C
c/c‟
) of the isopropyl moieties on the ligands are especially 
recognizable as two doublets at around 22 and 24 ppm, which is consistent with their 
corresponding 
1
H resonances. For the cis isomer, two singlets are observed for the isopropyl 
carbons. Another point of interest is that the signal for methine (CH) carbon (C
b
) appears as a 
doublet in the spectrum of cis isomer C2a while it is a singlet for the trans isomer C2b. There 
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3.2.1.5 Crystal structures  
Suitable single crystals of dmso complexes C1 – C3 were grown from dichloromethane-
methanol at low temperature (ca. 4 
o
C). The molecular structures of C1 – C3 have been 
successfully determined by single crystal X-ray diffraction. The structure of C2b consists of 
discrete monomeric molecules with two different geometries [C2b(A) and C2b(B)]. These 
geometries are not significantly different in structural parameters such as bond lengths or 
angles. This phenomenon is common in the literature for related platinum and palladium 
complexes.
13,17(b)
 The atomic labels of these complexes are given in the ORTEP pictures in 
Figures 3.2 – 3.4 and selected molecular dimensions are listed in Table 3.3. These confirm the 
geometries predicted from spectroscopic data. A full list of bond lengths and angles as well as 






Figure 3.2 Molecular structures of C1 and C2a showing the atomic numbering scheme. All H atoms 
















Chapter 3                                                                                                      Experimental Study: DMSO Precursors 
141 
 
Figure 3.3 Molecular structure of C2b is shown with the atomic labelling scheme. The two 
crystallographically independent molecules are labelled with suffix „A‟ and „B‟. All H atoms are 





Figure 3.4 Molecular structure of C3 showing the atomic labelling scheme. All non-hydrogen atoms 


















Table 3.3 Selected bond lengths (Å), bond angles (
o
) and torsion angles (
o






     (B) 
ii
   
Pt(1)–C(1) 2.011(5) Pt(1)–O(1) 2.015(2) Pt(1)–O(1) 1.992(2) Pt(1)–O(1) 2.019(18) 
Pt(1)–N(1) 2.054(5) Pt(1)–N(1) 2.040(3) Pt(1)–N(1) 2.029(3) Pt(1)–N(1) 2.029(2) 
Pt(1)–S(1) 2.2133(12) Pt(1)–S(1) 2.2181(8) Pt(1)–S(1) 2.2304(8) Pt(1)–S(1) 2.2062(6) 
Pt(1)–Cl(1) 2.3769(1) Pt(1)–Cl(1) 2.3118(8) Pt(1)–Cl(1) 2.2961(9) Pt(1)–Cl(1) 2.2981(16) 
N(1)–C(7) 1.292(5) N(1)–C(7) 1.300(4) N(1)–C(7) 1.292(4) N(1)–C(1) 1.297(3) 
Cl(1)···H(7) 
iii
  2.593   O(2)···H(2)
 iii
 2.224   
    
C(1)-Pt(1)-N(1) 80.89(7) O(1)-Pt(1)-N(1) 90.26(10) O(1)-Pt(1)-N(1) 92.17(9) O(1)-Pt(1)-N(1) 89.01(8) 
C(1)-Pt(1)-S(1) 97.78(14) O(1)-Pt(1)-S(1) 172.36(7) O(1)-Pt(1)-S(1) 87.52(7) O(1)-Pt(1)-S(1) 172.56(6) 
N(1)-Pt(1)-Cl(1) 91.57(10) N(1)-Pt(1)-Cl(1) 174.13(8) N(1)-Pt(1)-Cl(1) 92.98(7) N(1)-Pt(1)-Cl(1) 173.87(6) 
S(1)-Pt(1)-Cl(1) 90.21(4) S(1)-Pt(1)-Cl(1) 88.46(3) S(1)-Pt(1)-Cl(1) 87.85(3) S(1)-Pt(1)-Cl(1) 89.39(2) 
N(1)-Pt(1)-S(1) 173.85(11) N(1)-Pt(1)-S(1) 97.35(7) N(1)-Pt(1)-S(1) 174.58(7) N(1)-Pt(1)-S(1) 95.19(6) 
C(1)-Pt(1)-Cl(1) 171.13(13) O(1)-Pt(1)-Cl(1) 83.94(7) O(1)-Pt(1)-Cl(1) 172.70(7) C(1)-Pt(1)-Cl(1) 86.87(6) 
Total 1
iv
 360.45 Total 1
iv
 360.01 Total 1
iv
 360.52 Total 1
iv
 360.46 
         
C(1)-Pt(1)-N(1) 80.89(7) O(1)-Pt(1)-N(1) 90.26(10) O(1)-Pt(1)-N(1) 92.17(9) O(1)-Pt(1)-N(1) 89.01(8) 
C(7)-N(1)-Pt(1) 114.3(3) C(7)-N(1)-Pt(1) 121.8(3) C(7)-N(1)-Pt(1) 123.3(2) C(11)-N(1)-Pt(1) 121.41(18) 
C(6)-C(1)-Pt(1) 111.9(3) C(1)-O(1)-Pt(1) 126.1(2) C(1)-O(1)-Pt(1) 126.8(2) C(7)-O(1)-Pt(1) 119.21(16) 
C(1)-C(6)-C(7) 115.0(4) O(1)-C(1)-C(6) 124.1(3) O(1)-C(1)-C(6) 124.6(3) O(1)-C(7)-C(2) 124.2(2) 
N(1)-C(7)-C(6) 117.6(4) C(1)-C(6)-C(7) 122.5(3) C(1)-C(6)-C(7) 124.2(3) C(7)-C(2)-C(1) 122.2(2) 
  N(1)-C(7)-C(6) 129.8(3) N(1)-C(7)-C(6) 128.0(3) N(1)-C(1)-C(2) 126.4(2) 
Total 2
v
 539.69 Total 2
v
 714.59 Total 2
v
 719.07 Total 2
v
 702.508 
         
N(1)-Pt(1)-C(1)-C(2) 171.2(5) N(1)-Pt(1)-C(1)-C(6) -25.0(3) N(1)-Pt(1)-C(1)-C(6) -8.2(3) N(1)-Pt(1)-C(1)-C(6) -43.1(2) 
Pt(1)-N(1)-C(8)-C(13) 90.8(4) Pt(1)-N(1)-C(8)-C(13) -104.7(3) Pt(1)-N(1)-C(8)-C(13) -82.8(3) Pt(1)-N(1)-C(8)-C(13) 46.9(3) 
i 






 Intermolecular interactions 
iv
 Sum of angles in the coordination environment of the platinum atom. 
v
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For complexes C1 – C3, the coordination sphere of platinum is square-planar with 
2
-N^C - 
(for LA) or 
2
-N^O- bound bidentate ligands (for LB and LC), the S-bound dimethylsulfoxide 
and the chloride ligand completing the coordination sphere. The molecular structures provide 
decisive evidence of the fact that in C1 and C2b the dmso ligand occupies the position trans 
to the imine nitrogen, while in C2a and C3 it lies in the cis position. In all cases, the imine 
bond is included in the metal-containing ring leading to an endo-cycle
16
 (e.g. Figure 3.5).  
Figure 3.2 clearly shows that the (N^C) complex C1 consists of a fused [5,6]-bicyclical 
system containing a five-membered metal-containing ring and the phenyl group, while the 
(N^O) complexes C2a, C2b and C3 have fused [6,6]-bicyclical systems in the same manner. 
As shown in Table 3.3, bond lengths and angles are well within the range of values obtained 
for analogous compounds (for C1
11,16











In all cases, the angles between adjacent atoms in the coordination sphere are close to the 
expected value of 90
o
. The most noticeable distortion corresponds to the angle  
C(1)-Pt(1)-N(1) of 80.89(17)
o
 in C1 (a consequence of chelation) and angle O(1)-Pt(1)-Cl(1) 
of 83.94(7)
o
 in C2a. For complex C1, the smallest bite angle is presumably due to the strain 
imposed by the five-membered chelate ring C(1)-C(6)-C(7)-N(1)-Pt(1). However, this 
reduction is compensated for by an increase in the C(1)-Pt(1)-S(1) angle of 97.78(14)
o 
. In the 
cases of complexes with a six-membered metal-containing ring, the bite angles are in the 
range of 89.01(8) – 92.17(9)
o
. The smallest angle, in C2a, is probably caused by the two 
relatively bulky groups, i.e., dmso and isopropyl phenyl groups, cis to each other, forming an 
angle N(1)-Pt(1)-S(1) of 97.35(7)
o
 and consequently a reduced angle O(1)-Pt(1)-Cl(1). This is 
not observed either in C2b, which has dmso in the position trans to the isopropyl phenyl 
moiety, or in C3 when the steric bulk of the phenyl group attached to the nitrogen atom is 
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In the trans complexes C1 and C2b, the atoms of the metal-containing ring adopt a practically 





respectively. Similar arrangements have been reported for related cyclometallated 
complexes.
11(c),16,19
 The metal-containing ring (plane 1) in C1 and C2b is nearly coplanar with 
the coordination plane (plane 2), and the torsion angle between plane 1 and plane 2 is 
171.2(5)
o 
for C1 and -8.2(3)
o
 for C2b. In contrast, different degrees of strain of the metal-





, respectively. Furthermore, the non-coplanarity of the plane 1 and 
plane 2 is indicated by the torsion angle of values of -25.0(3)
o
 for C2a and -43.1(2)
o
 for C3.  
 
The steric effect on molecular structure is significant. As mentioned above, the less sterically 
bulky ligand LC in complex C3 enhances the strain of the metal-containing chelate ring (plane 
1) and consequently enhances the non-coplanarity of plane 1 and plane 2 when compared to 
C2a. In addition, a nearly facial (perpendicular) orientation
20
 of the 2,6-diisopropyl phenyl 
ring (plane 3) to the mean plane of the chelate ring (plane 1) is observed in complexes C1, 






 for C2a and -82.8(3)
o
 for C2b). With reduction of the steric bulk in C3, 
this angle is observed to decrease to 46.9(3)
o
. The alternative edge (parallel) and facial 
arrangement
20
 does not exist in this case. 
 
The Pt-Cl bond lengths for complex C1 – C3 are found to decrease in the sequence: Pt-
Cl(1)trans-C [2.3769(1) Å] in C1 > Pt-Cl(1)trans-N [2.3118(2) Å] in C2a > Pt-Cl(1)trans-N 
[2.2981(16) Å] in C3 > Pt-Cl(1)trans-O [2.2961(9) Å] in C2b. This reflects the decrease in 
trans influence of the different donor atoms of the organic ligands, the order being the aryl 
carbon atom > the imine nitrogen atom > the phenoxy oxygen atom.
21
 In addition, the longer 
Pt-S(1)trans-N [2.2304(8) Å] in C2b than the Pt-S(1)trans-O in the cis analogues C2a and C3 
[2.2181(8) Å and 2.2062(6) Å, respectively] also reveal the higher trans influence of the 
imine nitrogen as compared to the oxygen atom of the N^O ligands. As expected from the 
high trans influence of dmso,
22
 the Pt-O(1)trans-S bond lengths in C2a and C3 are slightly 
longer [2.015(2) Å and 2.019(18) Å, respectively] than that trans to a chloride ligand, i.e.  
Pt-O(1)trans-Cl in C2b [1.991(2) Å] .  
 
                                                 
a
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The C=N bond length in complex C1 [1.292 (5) Å] is observed to be greater than the 




 complexes [1.265(3) Å 
and 1.271(4) Å, respectively]. This is presumably due to a certain degree of aromaticity in the 
endo-cycle involving the imine bond, one C=C bond of the phenyl ring and a filled d orbital 
of the platinum as previously suggested for five-membered metallacycles.
16,23
 The imine C=N 





In the trans complexes C1 and C2b intermolecular interactions are observed (Figure 3.6). The 
intermolecular distance between the imine proton and the chloride ligand N=CH···Cl in 
complex C1 was measured to be d(H(7A)···Cl(1B)) = 2.59(3) Å, while the imino hydrogen in 
C2b is involved in an interaction with the oxygen atom in the dmso ligand, N=CH···O 
(d(H(7A)···O(1B)) = 2.24(4) Å). These interactions increase the stability of complexes C1 
and C2b as previously suggested for analogous compounds.
11(c)
 No intermolecular 





                                                 
a






























Chapter 3                                                                                                      Experimental Study: DMSO Precursors 
147 
3.2.1.6 Thermal analysis 
Thermal analytical methods are often applied to measure the changes in physical properties of 
a compound as a function of temperature. In this section, thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) were used in combination to investigate the loss 
of the coordinated dmso group and/or chloride from complexes C1 – C3. The further mass 
losses of these complexes are not of interest and are therefore not discussed here.  The TGA 





















































































































































































Figure 3.7 TGA and DSC traces for dmso ligated complexes C1 – C3. 
 
The N^C complex C1 started to show mass loss at 140 
o
C, represented by (A) in Figure 3.8. 
Based on its first derivative curve (not shown), C1 showed a multiple-step mass loss 
indicating the dmso group and chloride were lost simultaneously during the heating process 
(given as B in Figure 3.7). Point C indicates the decomposition of C1 with an onset 
temperature of 300 
o
C. The calculated mass loss is comparable to the experimental mass loss 
for C1 in the temperature range of 140 
o
C to 300 
o
C; these losses are 19.8% and 19.6%, 
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range of 190 – 244 
o
C, comprising two overlapping peaks. This corresponds to the compound 
melting and is consistent with the multiple-step mass loss B in the TGA. A large endotherm 
(b) at 354 
o
C was observed, indicating decomposition. Among the four complexes presented, 
the N^C complex C1 is the most thermally stable. The melting point obtained from hot stage 
determination (194 – 196 
o
C) is in agreement with the DSC result; however, we were not able 




Similarly to C1, the N^O complex with trans geometry C2b exhibited an instantaneous loss 
above 120 
o
C (shown as D in Figure 3.7). This appears to be a multiple-step mass loss, as it 
does not correspond convincingly to loss of only dmso or chloride from the complex. This 
provides proof that C2b loses the dmso and chloride groups concurrently during the heating 
process (represented by E in Figure 3.7). The experimental mass loss for C2b is 19.8% in the 
temperature range of 120 
o
C to 233 
o
C, and this is consistent with the calculated value of 
19.3% for the loss of these two ligands. A sharp endotherm (c) represents the melting of 
complex C2b at ~ 201 
o
C followed by decomposition at ~ 216 
o
C. The findings from DSC 
indicated that the mass loss of dmso and chloride occurred during the melting and initial stage 
of decomposition. Afterwards, a further decomposition indicated by point F was observed.  
 
The TGA curve of the cis isomer C2a showed a steeper slope compared to that of C2b. The 
first step G is attributed to the release of a water molecule, occurring over a temperature range 
66 
o
C to 145 
o
C with a mass loss of 2.7%. The calculated mass loss is 3.0% and agrees well 
with the experimental mass loss. The second step H is due to a multiple-step mass loss 
between the temperatures 150
 o
C and 230 
o
C, and is similar to that observed for C2b, 
indicating the loss of both dmso and chloride ligands. The experimental mass loss of this step 
is found to be 18.8% and correlates well with the calculated mass loss of 19.3%. In the DSC 
trace for C2a, a small broad endotherm (e) was due to the loss of water at 95 
o
C and 
consistent with the TGA observation. The relatively sharper endotherm (f) indicates the 
melting of C2a at ~179 
o
C, showing that the cis isomer is slightly less thermally stable 
compared to C2b. Similarly to C2b, the mass loss of dmso and chloride occurred during the 
melting and initial stage of decomposition. Afterwards, a further decomposition, indicated by 
point I, was observed. The loss of both dmso and chloride is also observed in mass spectra of 
C2a and C2b, in which the fragment ion [M – dmso – Cl]
+
 was found as the most abundant 
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A different behaviour was observed in the TGA trace for C3, the complex with a less 
sterically bulky N^O chelate. Event J represented an instant mass loss above 170 
o
C and 
corresponded to the loss of chloride ligand during the heating process (given as K in Figure 
3.7). This is in agreement with the observation of its mass spectrum in which the [M – Cl]
+
 
ion is the most abundant fragment. Point L indicates the decomposition of C3 with an onset 
temperature of ~215 
o
C. The calculated mass loss is comparable to the experimental mass loss 
in the temperature range of 170 
o
C to 212 
o
C; these losses are 7.0% and 6.6%, respectively. 
The DSC trace for C3 showed two independent thermal events, h and i. A sharper endotherm 
(h) was attributed to the melting of C3 at ~185 
o





The dimethylsulfoxide (dmso) cyclometallated platinum(II) complex bearing 
(benzylidene)(2,6-diisopropylphenyl)amine (LA) and its analogues containing 
(salicylidene)(2,6-diisopropylphenyl)amine (LB) and (salicylidene)(phenyl)amine (LC) were 
synthesized and characterized by standard techniques. When using the bulky (N^O) chelate 
LB, a pair of cis/trans isomers was obtained. The influence of the chelate ligands, i.e. the N^C 
and N^O ligands, on the corresponding platinum complexes was investigated by 
spectroscopic methods and X-ray crystallography.  
 
The mass spectra of the N^O complexes showed the fragments of bis(salicylaldiminato) 
platinum(II) species (with LB) or dimeric species (with LC) which are formed during the MS 
analysis, while for the N^C complex, these were not observed.  
 
The NMR spectral data revealed the occurrence of cyclometallation for the N^C complex C1, 
and the cis/trans geometries for N^O complexes C2a and C2b. The coupling constants (JPt-H) 
for the imine protons in C2a and C2b were found to be similar to those of the related cis/trans 
isomeric complexes.
16
 These J values are consistent with their cis/trans geometries. For 
complex C1, the JPt-H value for the imine proton is much greater compared to the N^O 
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With regard to structural properties, there was no significant difference between the N^C 
complex C1 and the N^O analogue C2b. Intermolecular interactions were only observed in 
the two complexes in which the dmso group is trans to the imine nitrogen.  
 
Thermal analysis studies using TGA and DSC were performed on the dmso-ligated 
complexes, and showed the loss of both dmso and chloride ligands during the heating process 
for the complexes with bulky chelates, i.e. C1, C2a and C2b, while the loss of only chloride 
was observed for C3. 
 
This chapter has shown that the dmso-ligated platinum(II) complexes with both N^C and N^O 
ligands were successfully synthesized. These precursor complexes will be used to synthesize 
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Chapter 4 
Phosphine Platinum(II) Complexes: Spectroscopic, Structural, Reactivity 





For the cyclometallated palladium and platinum complexes, the tendency to break the metal-
nitrogen bond upon reaction with phosphines has been taken as a metallacycle stability 
criterion.
1
 It has been proposed for the cyclometallated platinum systems that coordination of 
a monodentate phosphine should displace the more labile dimethylsulfoxide (dmso) ligand, 
while the reaction with an excess of a monodentate phosphine or with bidentate phosphines 
may produce either cleavage of the metallacycle leading to monodentate [C] systems or 
extrusion of the chloride ligand giving an ionic derivative.
2
 This can also be applied to the 
salicylaldiminato platinum complexes to determine the stability of the metal-containing ring. 
Therefore, a comparative analysis of the stability of metal-containing cycles of the analogous 
N^C and N^O complexes containing platinum was carried out. 
 
On the other hand, bidentate phosphines can adopt various modes of coordination by using 
different molar ratios of phosphine to transition metal complexes. Among these diphosphine 
ligands, 1,1'-bis(diphenylphosphino)ferrocene (dppf) has been used extensively in many 
chelating, binuclear, and cluster complexes of transition metals.
3 
In the present work, we have 
also studied the reactions of the dmso-ligated complexes C1 – C3 with 0.5 equiv of dppf.  
 
This chapter describes the reactions of various phosphines with the dmso-ligated platinum 
complex bearing (benzylidene)(2,6-diisopropylphenyl)amine (C1) and its salicylaldiminato 
analogues (C2 and C3). The phosphine-ligated complexes were characterized using a range of 











P-NMR, FTIR spectroscopy, mass spectrometry and elemental analysis. 
Single crystal X-ray structure determinations of selected complexes were also conducted. The 
influence of the (N^C) and (N^O) chelate ligands on these phosphorus derivatives has been 
compared in terms of both spectroscopy aspects and reactivity properties, including 
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4.2 Results and Discussion 
 
4.2.1 Reactions with phosphines  
 
The reactions of triphenylphosphine with N^C and N^O complexes were studied and the 
resulting complexes are depicted in Scheme 4.1. When the (N^C) complex C1 was reacted 
with triphenylphosphine in a 1:1 ratio in acetone at room temperature, its PPh3 derivative C4 
was obtained. The trans arrangement of the PPh3 and the imine is expected according to the 




Under the same reaction conditions, two isomers C5a and C5b, with the PPh3 ligand in a cis 
or trans arrangement, were isolated from (N^O) complex C2a or C2b reacting with PPh3 
[Scheme 4.1(B)]. C5a and C5b were isolated by chromatographic separation, and it is 
interesting to note that C5b is less polar than C5a, while their parent complexes C2a and C2b 
show opposite behaviour [Scheme 4.1(B)].  
 
A different behaviour was observed in the case of the complex bearing the less sterically 
bulky N^O ligand, C3, as its reaction with PPh3 (1:1) in acetone only gave the product C6 
with a trans arrangement of the PPh3 and the imine [Scheme 4.1(C)]. In this case, the most 
stable compound is formed selectively. As revealed by the molecular structure of C3, the lack 
of the isopropyl substituents on the phenyl group attached to the nitrogen atom leads to the 
phenyl ring and the coordination plane being somewhat coplanarly distorted, i.e., the angle 
between these two planes is 46.9(3)
o 
(see Section 3.2.1.5).  
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To study further the stability of metal-containing rings, the reactions of complexes C1, C2a 
and C2b with the bidentate ligand 1,2-bis(diphenylphosphino)ethane (dppe) were carried out 
(Scheme 4.1). Similar studies on cyclometallated platinum complexes with endo-cycles were 
previously reported, resulting in rather unstable ionic products in which both the imine and 
the diphosphine behave as bidentate ligands.
2,5
 Work-up of the mother liquor from the 
reaction of C1 and dppe (1:1) after 4 h rendered an intractable mixture which then yielded an 
off-white crystalline solid, C7, after recrystallization from acetone. A prolonged reaction time 
(16 h) resulted in a large amount of a white precipitate without the formation of C7. It is 
interesting to note that the off-white crystalline solid C7 changed to a light yellow solution in 




P NMR spectra for C7 recorded in 
CDCl3, as well as the IR spectrum recorded in DCM, indicated the presence of the ionic 
species in solution. On the contrary, the IR spectrum recorded as a KBr pellet and the X-ray 
crystal structure of C7 confirmed a neutral species in the solid state in which the imine 
nitrogen does not bond to the platinum centre [Scheme 4.1(A)]. 
 
Similar reactions of C2a or C2b yielded a large amount of a white precipitate which consisted 
of [PtCl2(dppe)], unreacted parent precursor and free (N^O) ligand as the only identifiable 
products in solution [Scheme 4.1 (B)]. A literature search showed that similar reactions on 
(N^O) platinum complexes have not been reported. The only related example was that 
reported by Capapé et al.
2 
on the reactions of cyclometallated platinum complexes having 
exo-cycles with an excess of PPh3. These authors reported that from this reaction, 
[PtCl2(PPh3)2] and free ligand were found to be the only identified products. The authors 
suggested that such a complete dissociation process of the nitrogen ligand could be due to the 
instability of the exo-platinacycle. This could be also applicable to our reactions. The 
dissociation of the nitrogen ligand of C2a and C2b upon the reaction with dppe points to a 
higher lability of the Pt-N bond in the metal-containing (N^O) ring compared to that for the 
(N^C) ring.  
 
The reactions of the trans complexes C1 and C2b with dppf (2:1) in dichloromethane at room 
temperature gave the diplatinum(II) complexes [Pt2Cl2(N^C)2(-dppf)] C8 and 
[Pt2Cl2(N^O)2(-dppf)] C9, respectively, in good yields [Scheme 4.2(A)]. In C8 and C9 two 
individual organoplatinum(II) units were combined in one molecular system by a dppf spacer 
ligand. Single crystals of complex C8 were obtained. To the best of our knowledge, 
diplatinum(II) complexes containing a bridging dppf unit are not common.
6,7
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one X-ray structural determination of a related diplatinum complex having an “open bridge” 
dppf ligand in the literature,
6
 although crystal structures of some other related transition metal 




C1, L = N^C, no X
C2b, L = N^O, X = O
+ dppf (2:1)
C8, L = N^C, no X








C2a, R = iPr















































































Scheme 4.2 Reactions of dppf with the dmso ligated complexes C1 – C3. 
 
Attempts to obtain similar complexes to the diplatinum(II) complex C9 from the cis 
complexes C2a and C3 under the same reaction conditions were not successful [Scheme 
4.2(B)]. This could be due to the undesirable steric bulkiness dictated by the environment 
around the metal centre in the involved complexes, in which the dmso group is cis to the 
imine, and consequently prevents the dppf from behaving as a spacer ligand. Based on the 
cyclometallated platinum systems reported by Capapé et al.
2
 and Jamali et al.,
7
 one might 
expect that if the dppf did not behave as a spacer ligand, then it could be a bidentate ligand to 
produce either cleavage of the Pt-N bond leading to monodentate [O] systems or extrusion of 
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possible dppf chelating complexes was not observed. It is worth noting that the complete 
dissociation of the (N^O) ligand was also not observed even after prolonged reaction times. 
The starting complex and free dppf were the only two species which could be indentified in 
the reaction mixture.  
 
The PPh3 derivatives C4 – C6 are obtained as bright yellow crystalline solids after 
recrystallization from DCM/MeOH. The dppe-chelating complex C7 is an off-white 
crystalline solid, while the diplatinum(II) complexes with a dppf spacer, C8 and C9, are 
orange solids. It is shown in Table 4.1, that replacing the dmso group by phosphine ligands 
enhance the thermal stability of the platinum(II) complexes except in the case of the dppf 
derivative C8. The PPh3 derivatives with trans geometry (where the PPh3 group is trans to the 
imine) are more thermally stable than those with cis geometry, which is similar as their dmso 
precursors. All these complexes were characterized by microanalysis, mass spectrometry, IR 
and NMR spectroscopies. These complexes were also characterized crystallographically.  
 
Table 4.1 Melting points (m.p.) of platinum(II) complexes containing N^C or N^O chelate ligands 
Chelate N^C (LA) N^O (LB) N^O (LC) 
L dmso PPh3 dppe dppf dmso PPh3 dppf dmso PPh3 



























4.2.1.1 IR spectroscopy and mass spectrometry 
As shown in Table 4.2, the C=N stretching vibration bands of the (N^C) complexes with 
phosphine ligands, C4 and C8, are almost identical to their dmso precursor C1. Replacing the 
dmso group by phosphines was confirmed by the disappearance of the band at 1138 cm
-1
 (due 
to the S=O stretching vibration of dmso) and the appearance of strong absorption bands at 
1434 cm
-1
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(d, JP-H = 9.3 Hz, 
JPt-H = 90.5 Hz) 
6.55 
(dd, 7.65, 2.35 
Hz, JPt-H = 
43.08 Hz) 
179.98 
(d, JP-C = 
3.22 Hz,  
JPt-C = 85.13 
Hz) 
136.97 
(d, JP-C = 5.68 
Hz,  
JPt-C = 85.41 
Hz) 
21.79  
(JPt-P = 4271 Hz) 
C5a
i














(JPt-P = 4064 Hz) 





(d, JP-H = 13.9 Hz) 
6.31 







 (JPt-P = 3819 Hz) 
C6
i






(d, JP-H =13.4 Hz) 
6.16  















(d, JP-H = 8.1 Hz, 
JPt-H = 83.8 Hz) 





(d, JP-C = 
3.19 Hz, JPt-C 
= 90.59 Hz) 
43.30 (PB) 
 (s, JPt-P = 1901 Hz) 
39.65 (PA) 
(s, JPt-P = 3711 Hz) 






(d, JP-H = 9.5 Hz,  
JPt-H = 82.7 Hz) 
6.45  
(dd, 7.92, 2.31 
Hz) 
179.47 
(d, JP-C = 
3.07 Hz,  
JPt-C = 79.31 
Hz) 
137.36 
(d, JP-C = 4.36 
Hz, JPt-C = 
92.23 Hz) 
9.42  
(JPt-P = 4239 Hz) 






(d, JP-H = 9.5 Hz) 
6.14  
(d, 8.60 Hz) 
160.68 120.98 
1.98  
(JPt-P = 3851 Hz) 
i
 L is cis to N atom (L = PPh3) 
ii 
Recorded as KBr pellets.  
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It is notable that the C=N stretching vibration band of the dppe complex C7, which appears at 
1602 cm
-1
 in dichloromethane (DCM), is consistent with that observed for the PPh3 analogue 
C4. This confirms the coordination of the imine nitrogen to the platinum centre. However, the 
IR spectrum recorded as a KBr pellet showed a higher frequency for the C=N band at  
1631 cm
-1
. This is similar to that of the free ligand (LA) and indicates that the imine nitrogen 
is not coordinated to the metal centre (Figure 4.1).  
 
In DCMKBr Pellet


























Figure 4.1 IR spectra for the (N^C) complex bearing the dppe ligand 7. 
 
Microanalysis and mass spectrometry confirmed the proposed structures for complexes C4 – 
C9. The mass spectral data for complexes C4 and C6 – C8 showed [M – Cl]
+
 as the highest 
molecular weight fragment, while complexes C5a and C5b gave [M]
+
 as the highest 
molecular weight fragment (Table 4.1). Both complexes show peaks which correspond to the 
sodium adduct of a dimeric species [2M + Na]
+
. The sodium adduct of the parent ion was also 
observed for complex C4 as [M + 2Na]
+





4.2.1.2 NMR spectroscopy 
Selected 
1
H NMR chemical shifts of the PPh3-containing complexes C4 – C6, the dppe 
derivative C7 and the diplatinum(II) complexes with a dppf spacer ligand C8 and C9 are  
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By replacing the dmso group with PPh3, all the imine protons (H
a
) of the complexes with 
trans geometry (where PPh3 is trans to the imine) were observed in the region  8.03 – 8.28 
ppm. The increase of the covalency from S-donor to P-donor renders the platinum centre 
more electron rich. This increased electron density on the metal can then be transferred 
toward the N=C group and the phosphine ligand. The extent of this back bonding is dependent 
on the -acceptor strength of the ligands. Since the N-donor centre has almost exclusive  
-donating properties whereas the P-donor centre can have both electron-donating and 
electron-accepting character,
9
 back-bonding from platinum into low lying empty phosphorus-
based orbitals is more pronounced. This reduces the back-bonding from platinum to the imine 
group and slightly elongates the Pt-N bonds (see Section 4.2.2.5), consequently causing the 
downfield shift of 0.08 – 0.37 ppm with respect to their dmso precursors. In the case of the 
phosphine derivatives with (N^C) ligand, C4 and C8, the imine protons were coupled to 
platinum with lower values (82.7 - 90.5 Hz) than that of the parent compound C1. For the 
(N^O) analogues C5a, C5b, C6 and C9, however, no coupling of the imine proton with the 
195
Pt nuclei was observed. Similar observations have been reported in the literature for related 
platinum complexes.
10
 In the 
1
H-NMR spectrum of C5a the chemical shift of the imine proton 
moved to higher field and appeared as a singlet, while doublets were observed for the trans 
complexes C5b and C6, indicating a cis geometry of C5a.  
 
For the trans complexes C4, C5b, C6 and C8 - C9, another salient feature observed in 
1
H-
NMR spectra was the chemical shift of the aromatic proton H
5
, which moved up-field to the 
region 6.14 – 6.55 ppm compared to their dmso precursors, which were found in the range 
6.64 – 8.31 ppm. This has been ascribed to the anisotropic shielding effect of the aromatic 
ring current that a phenyl group in PPh3 has on the H
5
 proton pointing toward it.
11
 Similar 
behaviour was not observed for the cis complex C5a. In the N^C complexes C4 and C8, the 
resonances of H
5
 were obtained as a doublet of doublets (dd) with a 
4
JPcis-H value of 2.3 Hz. In 
the case of the N^O complexes, however, no coupling of H
5
 with the 
31





H NMR spectrum for the dppe chelating complex C7 [Figure 4.2(A)] was recorded in 
CDCl3 and showed that the imine proton (H
a
) appears as a doublet at 8.28 ppm with a 
4
JP-H of 
8.1 Hz and Pt satellites (
3
JPt-H = 83.8 Hz). This is in very good agreement with what is found 
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platinum centre. This is also consistent with the C=N stretching vibration recorded in DCM at 
1601 cm
-1
 due to the coordination of N to the Pt centre. The 
1
H resonances of the methyl 
protons of the isopropyl moieties (H
c/c‟
) exhibit two broad peaks (0.4 – 1.2 Hz) at room 




                                                                       
(B) 
Figure 4.2 (A) The 
1
H NMR spectrum for the dppe chelating complex C7. (B) The array of 1H 









































Chapter 4                                                                                                Experimental Study: Phosphine Complexes                                                                                                                                             
164 
We examined the fluxional behaviour of C7 by conducting a dynamic 
1
H NMR study at 
various temperatures. We screened the temperature range from -50 to 40 
o
C in CDCl3 
solution. The variable-temperature 
1
H NMR spectrum of C7 showed that the proton peaks 
assigned to the two methyl groups in each isopropyl moiety (H
c/c‟
) exhibit a typical two-site 
exchange dynamic behaviour as shown in Figure 4.2 (B). The dppe complex C7 is fluxional 
in solution above 35 
o
C. The low-temperature spectrum (0 
o
C and lower) shows two doublets 
at 0.95 and 0.53 ppm. Warming the sample results in the broadening of the resonance peaks 
with coalescence at 35 
o
C. Above 40 
o
C a single resonance at the fast-exchange limit is 









C-NMR spectra of C4 – C9 gave the expected number of signals and selected chemical 
shifts are shown in Table 4.2. In the 
13
C-NMR spectra for the N^C complexes C4 and C8, the 
imine carbon (C
a
) and the aromatic carbon adjacent to the metallation site (C
5
) appear as 
doublets and are coupled to platinum (JPt-C5 ca. 80 – 85 Hz and JPt-Ca ca. 85 – 92 Hz, 
respectively). The aromatic carbon (C
5
) for the dppe chelating complex C7 also appears as a 
doublet at 138.51 ppm with a JPt-C coupling constant of 90.6 Hz. This is consistent with the 
N^C analogues C4 and C8. However, the resonance of its imine carbon exhibits an upfield 
singlet (184.92 ppm) compared to C4 and C8 (179.98 and 179.47 ppm, respectively). 
 
Compared to their dmso precursors, no significant shifts in 
13
C resonances were observed for 
the phosphine complexes bearing N^O ligands. The differences between the cis/trans isomers 
C5a and C5b in their 
13





P NMR spectra show singlets for the platinum(II) complexes containing the PPh3 
group, C4 – C6, with resolved coupling to 
195
Pt. The phosphorus atom of the N^C complex 
C4 reveals a much lower-field chemical shift (∆ = 21.79 ppm) compared to the N^O 
analogues, presumably due to the deshielding effect caused by the O atom. With the N^O 
chelates LB, the cis isomer C5a shows an even higher-field shift (∆ = -2.14 ppm) compared 
to its trans isomer C5b (∆ = 8.87 ppm), suggesting that the cis arrangement of the oxygen 
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Two sets of resonances with JPt-P values of 3711 and 1902 Hz were observed in the 
31
P NMR 
spectrum for the complex with the dppe chelating ligand C7, due to two non-equivalent 
phosphorus atoms. The higher J value is assigned to the phosphorus atom trans to the imine 
and the lower to that trans to the metallated carbon, which is in agreement with the reported 
values for related complexes.
2,5,12 
The JPA-PB coupling was not observed in either complex C7 





P NMR spectra of the binuclear complexes [Pt2Cl2(N^X)(-dppf)] (X = C, O), C8 and 
C9, the observation of  sharp singlets for each of the analogues at chemical shifts of 9.42 ppm 
and 1.98 ppm, respectively, was accompanied by Pt satellites. This confirms that the two 
PtCl(N^X) moieties, joined together by the dppf spacer ligand, are equivalent. The chemical 
shift of the P atoms in C8 and C9 appeared at higher field compared to the PPh3-containing 
mononuclear complexes C4 and C5b, due to the electron rich ferrocenyl moiety in the spacer 
ligand.   
 
The coupling constant 
1
JM-P is a characteristic property of the metal phosphorus  bond in 
phosphorus coordination compounds.
13
 The platinum phosphine coupling constants, 
1
JPt-P, 
were measured in complexes C4 – C9. For the N^C complexes, the 
1
JPt-P values vary from 
4270 Hz in C1 to 4239 Hz in C8, consistent with a phosphine ligand positioned trans to 
nitrogen.
2,5,14,15
 For the N^O analogues, the 
1
JPt-P coupling constants were measured as 4062 
Hz in the cis complex C5a and ca. 3850 Hz in the trans complexes C5b, C6 and C9 (see 





JPt-P coupling constants is a measure of the strength of the Pt-P  bonding.
13
 
Thus the lower values for the N^O complexes with trans geometry C5b, C6 and C9 are 
indicative of a weakening of the Pt-P  bonding compared to the cis C5a and N^C analogues 
C4 and C8. Interestingly, there is a ca. 6% increase in the 
1
J for the cis isomer C5a over its 
trans isomer C5b, probably due to a higher trans influence of the imine nitrogen compared to 
that of the coordinated oxygen, which weakening the Pt-P  bonding in C5b as a 
consequence. The differing 
1
JPt-P values of 3711 and 1902 Hz in the dppe chelating complex 
C7 are due to the trans influence of the metallated C atom being much greater than that of the 











Chapter 4                                                                                                Experimental Study: Phosphine Complexes                                                                                                                                             
166 
4.2.1.3 Crystal structures  
Suitable crystals were grown from dichloromethane/methanol at low temperature (ca. 4 
o
C) 
(C4, C5a and C5b), or by slowly evaporating dichloromethane/n-hexane (C8) or acetone 
(C7) solutions of complexes. The labelling schemes for all the compounds are in Figures 4.3 
– 4.6. All crystals consist of discrete molecules, separated by normal van der Waals distances. 
Selected interatomic distances and angles are listed in Tables 4.3 – 4.4. A full list of bond 
lengths and angles, as well as the X-ray data collection parameters (data sets 5 – 9) and CIF 
files can be found in supporting information.  
 
All the molecular structures exhibit distortions from idealized square-planar geometry at the 
metal, due to the bulky phosphine group and the small bite angle of the chelating ligands. 
These structures fall into two distinct categories, the first group consisting of C4, C8, C5a 
and C5b, which contain a monodentate phosphine donor, while the second category, of which 
C7 is an example, contains a bidentate phosphine donor set. As is apparent from Figures 4.3 – 
4.5, in the first category with N^C or N^O chelating ligands, the four coordinate environment 
is completed by one P atom and one Cl atom. Complexes C4, C5a and C5b are mononuclear 
species, while complex C8 has a crystallographic two-fold symmetry and sits astride a two-
fold axis, making only one-half of the complex unique. Two planes containing a Pt atom are 
connected via the dppf ligand. The P atom occupies the trans position to the N atom in C4, 
C8 and C5b, but a position trans to the O atom in C5a.  
 
In the first category, the chelating N^C or N^O bite angles and other bond angles in the 
phosphine complexes C4, C8, C5a and C5b are very similar to those of their dmso 
precursors. In all cases, the sum of angles around platinum is ca. 360
o
, and the metal-
containing ring (plane 1) adopts practically a planar arrangement. Plane 1 is nearly coplanar 
with the mean coordination plane (plane 2). Again, a nearly facial orientation of the  
2,6-diisopropylphenyl ring (plane 3) to plane 1 is observed in all first category complexes.  
 
For the binuclear complex C8, the Cp(centroid)-Fe-Cp(centroid) twist angle of the dppf 
ligand is 143
o
 (the angle has been determined as the torsion angle C32-Cp(centroid)1-










                                                 
h
















Figure 4.3 Molecular structure of C4 showing the atomic labelling scheme. All H atoms are omitted 
for clarity. All non-hydrogen atoms, except C18 and C19, are presented as an ellipsoidal model with 





Figure 4.4 Molecular structures of C5a and C5b showing the atomic numbering scheme. All non-
hydrogen atoms are presented as an ellipsoidal model with a probability level of 40%. The solvent 




















Figure 4.5 (A) Molecular structure of C8 showing the atomic numbering scheme. All non-hydrogen 
atoms are presented as an ellipsoidal model with probability level 30%. The H atoms are omitted for 
clarity [symmetry operator for the unlabeled atoms: -x+1, y, -z+0.5]. (B) Conformation of the 
cyclopentadienyl rings of the ferrocene moiety in complex C8. The diagram highlights the relative 
dispositions of the five-membered rings as well as the relative orientations of the platinum atoms in 

















Table 4.3 Selected bond lengths (Å), bond angles (
o
) and torsion angles (
o
) for complexes C4, C5a, C5b and C8 
         C4             C8                C5a
i
             C5b 
Pt(1)–C(1) 2.013(6) Pt(1)–C(1) 2.005(9) Pt(2)–O(3) 2.042(3) Pt(1)–O(3) 2.001(2) 
Pt(1)–N(1) 2.098(5) Pt(1)–N(1) 2.077(8) Pt(2)–N(11) 2.021(3) Pt(1)–N(11) 2.0707(19) 
Pt(1)–P(1) 2.2334(15) Pt(1)–P(1) 2.231(2) Pt(2)–P(24) 2.2586(9) Pt(1)–P(24) 2.2566(7) 
Pt(1)–Cl(1) 2.3630(15) Pt(1)–Cl(1) 2.364(2) Pt(2)–Cl(1) 2.3174(9) Pt(1)–Cl(2) 2.2993(8) 
N(1)–C(7) 1.273(8) N(1)–C(7) 1.287(13) N(11)–C(10) 1.301(5) N(11)–C(10) 1.297(3) 
        
C(1)-Pt(1)-N(1) 80.4(2) C(1)-Pt(1)-N(1) 80.3(3) O(3)-Pt(2)-N(11) 90.57(12) O(3)-Pt(1)-N(11) 91.75(8) 
C(1)-Pt(1)-P(1) 95.94(18) C(1)-Pt(1)-P(1) 97.2(3) O(3)-Pt(2)-P(24) 165.90(9) O(3)-Pt(1)-P(24) 87.73(6) 
N(1)-Pt(1)-Cl(1) 90.62(15) N(1)-Pt(1)-Cl(1) 90.7(2)  N(11)-Pt(2)-Cl(1) 172.38(9) N(11)-Pt(1)-Cl(2) 91.10(7) 
P(1)-Pt(1)-Cl(1) 93.12(6) P(1)-Pt(1)-Cl(1) 91.87(8) P(24)-Pt(2)-Cl(1) 85.95(3) P(24)-Pt(1)-Cl(2) 89.45(2) 
N(1)-Pt(1)-P(1) 175.77(15) N(1)-Pt(1)-P(1) 177.4(2) N(11)-Pt(2)-P(24) 103.50(9) N(11)-Pt(1)-P(24) 178.90(5) 
C(1)-Pt(1)-Cl(1) 170.171(18) C(1)-Pt(1)-Cl(1) 170.8(3) O(3)-Pt(2)-Cl(1) 82.01(9) O(3)-Pt(1)-Cl(2) 176.92(6) 
Total 1
ii
 360.1 Total 1
ii
 360.2 Total 1
ii
 360.0 Total 1
ii
 360.0 
        
C(1)-Pt(1)-N(1) 80.4(2) C(1)-Pt(1)-N(1) 80.3(3) O(3)-Pt(2)-N(11) 90.57(12) O(3)-Pt(1)-N(11) 91.75(8) 
C(7)-N(1)-Pt(1) 113.7(4) C(7)-N(1)-Pt(1) 114.4(6) C(10)-N(11)-Pt(2) 122.5(3) C(10)-N(11)-Pt(1) 122.5(2) 
C(6)-C(1)-Pt(1) 112.6(4) C(6)-C(1)-Pt(1) 113.3(6) C(4)-O(3)-Pt(2) 127.3(3) C(4)-O(3)-Pt(1) 127.2(2) 
C(1)-C(6)-C(7) 114.6(6) C(1)-C(6)-C(7) 114.0(9) O(3)-C(4)-C(9) 123.6(4) O(3)-C(4)-C(9) 125.2(3) 
N(1)-C(7)-C(6) 118.7(6) N(1)-C(7)-C(6) 118.0(9) C(4)-C(9)-C(10) 123.0(3) C(4)-C(9)-C(10) 124.5(2) 
    N(11)-C(10)-C(9) 130.4(4) N(11)-C(10)-C(9) 128.7(2) 
Total 2
iii
 540.2 Total 2
iii
 540.3 Total 2
iii
 717.5 Total 2
ii
 720.0 
        
N(1)-Pt(1)-C(1)-C(2) -175.5(7) N(1)-Pt(1)-C(1)-C(2) -178.6(9) Pt(2)-O(3)-C(4)-C(5) -169.1(3) Pt(2)-O(3)-C(4)-C(5) -173.97(15) 
Pt(1)-N(1)-C(8)-C(13) 92.3(6) Pt(1)-N(1)-C(8)-C(13) -95.4(10) Pt(2)-N(11)-C(12)-C(13) 108.0(3) Pt(1)-N(11)-C(12)-C(13) -94.70(19) 
i 
L is cis to N atom (L = PPh3) 
  
ii
 Sum of angles in the coordination environment of the platinum atom. 
iii
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As expected, there is slight lengthening of the Pt-N bonds in the range of 0.023 – 0.042 Å for 
the trans compounds C4, C8 and C5b as compared to their dmso precursors C1 and C2b, due 
to the higher trans effect of the P-donor ligand compared to the S-donor ligand.
19
 The 
lengthening of the Pt-N distances agrees with the down-field shift of the imine proton in the 
1
H NMR spectra for these complexes. The Pt-Cl bond lengths for complex C4 – C8 are found 
to decrease in the sequence: Pt-Cl(1)trans-C [2.3630(15) Å] in C4 ≈ Pt-Cl(1)trans-C [2.364(2) Å] 
in C8 > Pt-Cl(1)trans-N [2.3174(9) Å] in C5a > Pt-Cl(1)trans-O [2.2993(9) Å] in C5b. This again 
reflects the decrease in the trans influence in the order: aryl carbon atom > imine nitrogen 
atom > phenoxy oxygen atom,
20,21
 consistent with the dmso precursors. The similar Pt-Cl 
distances in the N^C complexes C4 and C8 indicate that this parameter is not affected by the 
nature of the phosphorus ligands. The same observation was reported in other platinum 
complexes with phosphorus ligands.
13
 Furthermore, it is noteworthy that a shortening of the 
N-C bond lengths is found in the N^C complexes C4 and C8 as compared to the parent 
complex C1. These N-C bond lengths are close to the uncoordinated N-C bond in complex 
C7 as shown in Figure 4.6. Intermolecular interactions such as hydrogen bonding or  
-stacking do not exist in these complexes.   
 
The platinum atom in complex C7 is surrounded by a chelating dppe, C and Cl atoms. This 
reveals that the strong chelating ability of dppe has forced the Pt-N bond of the 
cyclometallated ligand to cleave, forming the neutral complex with a monodentate 
1
-C-bond 
to the platinum centre in the solid state. As shown in Table 4.4, in the structure of C7 the 
angles around the platinum centre are rather close to the ideal angle of 90
o
. The dppe chelate 
ring has P-Pt-P bond angle of 86.88(3)
o
 which is a result of the limited flexibility of the five-
membered ring. Similar values were found in other platinum dppe complexes.
19
 The metal-
containing ring (plane 1) adopts a practically planar arrangement as the sum of the internal 
bond angles is found to be 540.3
o
. The imine nitrogen atom is not coordinated to the platinum 
centre. The Pt-P(2) length of 2.3120(7) Å at the trans-position to a C atom is significantly 
longer than the Pt-P(1) distance of 2.2193(7) Å at the trans position to a Cl atom, indicating 
that the N-C-1C ligand exerts a higher trans influence than the chloride ligand.7 The Pt-Ctrans-
P distance of 2.073(3) Å in C7 is much longer than the Pt-Ctrans-Cl distances in the dmso 
precursor C1 (2.011(5) Å) or the phosphine-containing N^C complexes C4 (2.013(6) Å) and 
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In contrast, the NMR-predicted structure of C7 in CDCl3 suggests that both the imine and 
dppe behaved as bidentate ligands giving an ionic complex (see Section 4.2.2.3). In this case 
the polar solvent played an important role to initiate extrusion of the chloride ligand and to re-
form the Pt-N bond. This explains the observation of different IR spectra obtained depending 
on whether the spectrum is recorded in solution or in the solid state. It was reported by Jamali 
et al.
7
 that the reaction of PtMe(SMe2)(ppy) (ppy = deprotonated 2-phenylpyridyl) with 1 
equiv of dppf produced cleavage of the metallacycle leading to the complex with monodentate 

1
-C bonded to the Pt centre. In their system, however, the structure of the complex remained 
constant in both solution and the solid state. To the best of our knowledge, this is the first 
observation of an intramolecular geometry transformation from the solid state to solution for a 
single metallacyclic complex.  
 
 
Figure 4.6 Molecular structure of C7 showing the atomic numbering scheme. All H atoms are omitted 
for clarity. All non-hydrogen atoms are presented as an ellipsoidal model with a probability level of 
30%. The solvent molecule (acetone) has been omitted in this diagram. 
 
Table 4.4 Selected bond lengths (Å) and bond angles (
o
) for the dppe chelating complex C7 
Bond length Bond angle 
Pt(1)–C(1) 2.073(3) C(1)-Pt(1)-Cl(1) 89.09(7) 
Pt(1)–P(1) 2.2193(7) C(1)-Pt(1)-P(1) 91.78(7) 
Pt(1)–P(2) 2.3120(7) P(2)-Pt(1)-Cl(1) 92.20(2) 
Pt(1)–Cl(1) 2.3592(6) P(1)-Pt(1)-P(2) 86.88(3) 
N(1)–C(7) 1.271(4) Total 1
i
 360.0 
    
  P(1)-Pt(1)-P(2) 86.88(3) 
  C(33)-P(2)-Pt(1) 105.32(10) 
  C(32)-P(1)-Pt(1) 108.25(9) 
  C(33)-C(32)-P(2) 110.16(19) 
  C(33)-C(32)-P(2) 109.69(19) 




 Sum of angles in the coordination environment of the platinum ato
ii
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4.2.2 Methylplatinum(II) complexes 
 
As has been previously discussed, the cis/trans isomerization has been considered for four-
coordinate palladium complex containing an asymmetrical N-benzylidenebenzylamine ligand 
in the oligomerization catalytic cycle via a Cossee-type pathway. The first cis/trans 
isomerization could occur in the methylation step by MAO on the palladium precatalyst to 
give an active Pd-Me species which starts the catalytic cycle (see Chapter 2). In this section, 
we aimed to assess the possibility of the occurrence of cis/trans isomerization on  
N-benzylidenebenzylamine metal complexes during methylation reactions. 
 
Following the model Pd-Me complexes outlined in Chapter 2, the initial aim of the present 
work was to study a model methylation reaction on the real palladium precatalyst Ia-s (I 
where X = H, R = 2,6-di-
i
Pr, L = PPh3) using methyllithium (LiMe) (Eq. 4.1). The reaction 
was carried out using anhydrous tetrahydrofuran (THF) under nitrogen atmosphere at  
-50 
o
C for one hour using standard Schlenk line techniques. A prolonged reaction time caused 
the formation of a black decomposition product. After working up the reaction, a light yellow 
solution was formed. However, it turned to deep orange when removing the solvent even at 
room temperature. 
1
H NMR indicated a complex mixture of products. 
31
P NMR showed three 
peaks (Figure 4.7), the most downfield signal is due to the starting complex Ia-s, while the 
two singlets in the region 25 – 26 ppm could be attributed to the products. The deep orange 
residue obtained, however, was quite unstable in either polar or non-polar solvents such as 
CDCl3 and C6D6. Formation of a black decomposition product was observed from the NMR 


































P NMR spectrum of crude product obtained from the reaction of palladium precatalyst 
Ia-s with LiMe.  
 
The initial aim, to synthesize a Pd-Me complex via the methylation reaction using LiMe, was 
consequently not achieved. However, as mentioned previously, platinum has a very similar 
chemistry to that of palladium, and Pt(II) complexes are generally more stable than Pd(II) 
both thermodynamically and kinetically.
22
 Therefore, the methylation reaction was studied 
using the platinum model complex C4. The methylplatinum(II) complex bearing the analogue 
N^O chelate ligand (LB) was synthesized for comparison with the N^C complex. In addition, 
the successful preparation of a methylpalladium(II) complex bearing the N^O ligand LB also 
allowed us to compare its chemistry with that of the Pt(II) analogue using spectroscopic 
methods.    
 
4.2.2.1 Methylplatinum(II) complex of N^C chelate ligand 
The methylation reactions on platinum(II) complex C4 using LiMe, which was considered as 
a model reaction representing the methylation step by MAO on the precatalyst in this study, 
were carried out using a similar procedure for making the Pd-Me complex. In this case the 
reaction mixture was kept stirring at room temperature for 16 h. Again, 
31
P NMR showed 
three singlets (Figure 4.8) which correspond to the unreacted starting complex C4 and two 




































































P NMR spectrum of crude product obtained from the reaction of C4 with LiMe.  
The crude product was purified by passing it through a SiO2 column and recrystallizing in 
benzene/methanol at 4 
o
C, to give an orange solid C10 with X-ray quality crystals. The 
methylplatinum(II) complex C10 was characterized using standard spectroscopic techniques 
and X-ray crystallography.  
 
4.2.2.2 Methylplatinum(II) complex of N^O chelate ligand 
Methylation reactions were also carried out on the N^O complex C5b using LiMe in a similar 
manner. The reaction mixture changed from golden yellow to very pale yellow during the 
course of the reaction. Quenching the reaction by the addition of saturated ammonium 
chloride solution, however, resulting in formation of a black decomposition product, which 
immediately precipitated from the reaction mixture. As will be discussed later, the 
methylplatinum(II) complex containing the N^O chelate ligand LB, which was obtained using 
an alternative route, is very stable. The methylation reaction attempted here could lead to 
other rather unstable complexes in which the N^O chelating ring could be possibly cleaved by 
LiMe reagent.  
 
The salicylaldiminato methylplatinum(II) complex (C11) was then prepared from a reaction 
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procedure reported by Mogorosi.
23
 First, the reaction of the ligand precursor with 2 equiv. of 
sodium acetate afforded a deprotonated intermediate in situ. Then, addition of equimolar 
amounts of [PtCl(Me)(COD)] and PPh3 to the reaction mixture gave an immediate yellow 
precipitate from the solution. After stirring the reaction for 14 h, the precipitate was collected 
as a mixture of C11 and a small amount of the by-product trans-[PtCl(Me)(PPh3)2].
24
 Column 
chromatography on SiO2 was employed to purify the target complex. Elution with ethyl 
acetate/hexane (6:94) gave a band containing trans-[PtCl(Me)(PPh3)2] followed by a second 
band containing the product C11. The solvent was removed from the eluate and the resultant 
yellow solid was recrystallized from DCM/MeOH to give C11 as a yellow crystalline solid in 
good yield (88 %). For comparison, a palladium analogue C12 was also synthesized by the 
reaction of the salicylaldimine LB with NaOAc followed by adding [PdClMe(COD)] and 

































C11, M = Pt








Scheme 4.3 Preparation of salicylaldiminato methylplatinum(II) and methylpalladium(II) complexes 
C11 and C12. 
 
4.2.2.3 IR, NMR spectroscopy and mass spectrometry 
The methylation reaction on C4 to form the methylplatinum (II) complex C10 does not effect 
the C=N stretching vibration band. In the IR spectrum for C10, it appears at the same 
frequency as that for C4, i.e., 1599 cm
-1
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methylplatinum(II) complex bearing the N^O chelate ligand, C11, with its C=N vibration 




The mass spectroscopic data of the two methylplatinum(II) complexes, C10 and C11, gave 
[M]
+
 as the highest fragments, with exception of the methylpalladium(II) complex C12. The 
most abundant peak for C12 is assigned to the [M-CH3]
+
 fragment. The sodium adduct of the 
parent ion, [M + Na]
+
, is observed for both C10 and C12. In the mass spectrum of C11, a 
peak at 282.2 m/z with a relatively high abundance is attributed to the dissociation of the N^O 
ligand. No dimeric fragments were found in all spectra, unlike in the case for the chloride 




H NMR spectrum of C10, the most significant changes with respect to the starting 
complex, C4, are i) The significant downfield shift of the aromatic proton adjacent to the 
metallation position (H
5
). This is due to the absence of the anisotropic shielding effect of the 
phenyl group in PPh3. ii) The reduced 
3
JPt-H coupling constant (57.1 Hz) for the imine proton 
signal. The methyl protons (H
d





4.5). The downfield shift of the Pt-methyl resonance is in agreement with the analogous shift 
for methyl groups in related N^C-cyclometallated platinum complexes.
9,25,26
 The magnitude 
of the 
2
JPt-H (83.9 Hz) suggests it to be trans to nitrogen, since coordination trans to carbon 
would result in a smaller coupling. All these observations are consistent with the cis 
arrangement of the Pt-Cmetallated and Pt-CH3 bonds in the molecular structure and can be seen 




H NMR spectra of the N^O complexes C11 and C12, signals corresponding to the 
imine proton (H
a
) are displayed as doublets near 8.0 ppm with a phosphorus coupling (
4
JP-H) 
ca. 12 Hz (Table 4.5). In addition, the imine group of C11 was also coupled to platinum with 
a 
3
JPt-H coupling constant of 70.9 Hz, suggesting it to be trans to phosphorus. The aromatic 
proton adjacent to the oxygen atom, H
5
, of methyl-Pt(II) and -Pd(II) complexes, appeared 
upfield at ca. 6.3 – 6.5 ppm, and is consistent with that of the trans platinum complex 
containing a chloride ligand, C5b. Resonances of the methyl group on the metal appeared as 
doublets at -0.29 ppm (
3
JP-H = 3.2 Hz, 
2
JPt-H = 73.3 Hz) for C11 and -0.43 ppm (
3
JP-H = 3.1 Hz) 
for C12, respectively. These resonances are similar to those of other methylpalladium(II) 
complexes bearing salicylaldiminato ligands and all of these complexes having the geometry 




























































(s, JPt-H  = 57.1 
Hz) 
1.31 
(d, JP-H  = 7.5 
Hz, JPt-H = 83.9 
Hz) 
8.28 
(d, JP-H  = 6.44 
Hz, JPt-H  = 
48.1 Hz) 
180.28 
(d, JP-C = 
6.51 Hz,  
JPt-C  = 64.94 
Hz) 
-9.51 (d, JP-C = 
5.97 Hz, 
JPt-C = 744.06 
Hz) 
131.94 
(d, JP-C = 6.52 










(d, JP-H  = 12.2 
Hz, 
JPt-H  = 70.9 
Hz) 
-0.29 
(d, JP-H  = 
3.2Hz, JPt-H  = 
73.3 Hz) 

















(d, JP-H  = 11.5 
Hz) 
-0.43 
(d, JP-H  = 
3.1Hz) 











 L is cis to N atom (L = PPh3) 
ii 
Recorded as KBr pellets.  

























C NMR spectrum of C10, the imine carbon (C
a
), the aromatic carbon adjacent to the 
metallation site (C
5
) and the methyl carbon (C
d
) are coupled to both platinum and phosphorus 
(Figure 4.9). The 
2
JPt-C value for C
a
 (65 Hz) is smaller than that observed for C4 (85 Hz), 
which is consistent with a cis arrangement of the imine group and PPh3. The methyl group 
signal was observed at -9.51 ppm with a large 
1
JPt-C coupling constant of 744 Hz, which is in 
agreement with that of the related methylplatinum(II) complexes.
24
 For the Pt(II) and Pd(II) 
complexes with the N^O ligand, signals corresponding to the methyl group bonded to the 
metal centre are also displayed as doublets at -18.93 ppm (
2
JP-C = 8.9 Hz) for C11 and at  
-0.14 ppm (
2
JP-C = 10.8 Hz) for C12. In the case of C11, the platinum satellites were too small 




C NMR spectrum of complex C10 depicting the aromatic regions (* the satellite for C5 on 
the left side is overlapped by the peak for C
4




P resonance of the N^C complex C10 shifted to a lower field at 31.11 ppm with respect 
to the starting complex C4 (21.79 ppm). The JPt-P coupling constant (2166 Hz) is in the range 





spectrum of the methylplatinum(II) complex bearing the N^O chelate ligand, C11, showed a 
downfield singlet at 20.43 ppm with expected platinum satellites as compared to the 
analogous chloride complex C5b (8.87 ppm). The value obtained for  JPt-P in C11 (4400 Hz) 
is larger than that obtained for C5b, indicating that the more electron-donating group, CH3, 
causes increased shielding of the platinum atom. This results in the increasing back-donation 
from the Pt centre to the P atom and strengthens the Pt-P  bond. The 
31
P resonance of the 
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4.2.2.4 Crystal structure  
Orange crystals suitable for X-ray diffraction were obtained by slow evaporation of a C6D6/n-
hexane solution of C10 at room temperature (Figure 4.10, Table 4.6). As can be seen, the 
platinum(II) centre exhibits a distorted square-planar environment due to the small bite angle 
of the cyclometallated ligand [79.17(8)
o
]. A PPh3 group and methyl ligand complete the 
coordination sphere of platinum(II). As expected from the spectroscopic characterization, the 
methyl ligand is trans to the nitrogen. Consequently, the P-Pt-N angle is significantly 
increased to 106.05(5) due to steric hindence caused by the cis arrangement of the PPh3 group 
and the 2,6-diisopropylphenyl moiety. The metallacycle (plane 1) is approximately planar, 
i.e., the sum of its internal angles is 539.8
o
; and it is nearly coplanar with the coordination 
plane (plane 2), as the dihedral angle being -178.1(2)
o
. These angles and bond lengths are 






Figure 4.10 Molecular structure of C10 showing the atomic labelling scheme. All H atoms are 
omitted for clarity. All non-hydrogen atoms were presented as an ellipsoidal model with probability 
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Table 4.6 Selected bond lengths (Å), bond angles (
o
) and torsion angles (
o
) for C10 
Bond length Bond angles and Torsion angles 
Pt(1)–C(7) 2.044(2) C(7)-Pt(1)-N(1) 79.17(8) 
Pt(1)–N(1) 2.1451(17) P(1)-Pt(1)-C(8) 85.71(7) 
Pt(1)–P(1) 2.3015(5) N(1)-Pt(1)-P(1) 106.05(5) 
Pt(1)–C(8) 2.060(2) C(7)-Pt(1)-C(8) 89.41(9) 
N(1)–C(7) 1.286(3) Total 1
i
 360.0 
    
  C(7)-Pt(1)-N(1) 79.17(8) 
  C(1)-N(1)-Pt(1) 112.99(15) 
  C(2)-C(1)-Pt(1) 113.57(15) 
  C(7)-C(2)-C(1) 115.05(19) 
  N(1)-C(1)-C(2) 119.02(2) 
  Total 2
ii
 539.8 
    
  N(1)-Pt(1)-C(7)-C(6) -178.1(2) 
  Pt(1)-N(1)-C(27)-C(32) 75.0(3) 
i
 Sum of angles in the coordination environment of the platinum atom. 
ii
 Sum of internal angles of the metal-containing ring. 
 
4.2.2.5 Discussion  
During the preparation of methylplatinum(II) complexes containing both N^C and N^O 
chelate ligands, a spontaneous and rapid cis-to-trans isomerization must occur prior to the 
formation of the thermodynamically stable products (Scheme 4.4). Vicente and co-workers 
have shown that the following pairs of ligands have increasing phobia of being mutually trans 
to each other: N-donor/P-donor < C-donor/N-donor < C-donor/P-donor < C-donor/C-donor.
4
 
Therefore, in both methylplatinum(II) complexes C10 and C11, the pair of ligands with less 
transphobia, i.e., N-donor/P-donor and C-donor/P-donor , respectively, prefer to be trans to 
each other. This is achieved via the occurrence of geometry isomerization, and also observed 
in the formation of the methylpalladium(II) complex C12. 
 
It is interesting to note that the cis geometry, i.e., where the metallated carbon atom is cis to 
the methyl group (cis C, Me), have been observed in all N^C-cyclometallated methylplatinum 
(II) complexes.
9,25,26 
This is compatible with the expected degree of transphobia (T) of pairs 
of trans ligands, T[C-donor/P-donor] < T[C-donor/C-donor].
4
 In addition, transphobia is 
generally more marked for Pd(II) than for Pt(II).
4
 One may expect that the formation of the 
N^C-methylpalladium(II) complex with cis geometry (cis C, Me) (Eq. 4.1) from the 
methylation step of the palladium precatalyst I with MAO could be predominant and is 

























































Scheme 4.4 The proposed pathway for the formation of methylplatinum(II) complexes. 
 
The methylpalladium(II) complex C12 is stable in CDCl3 at room temperature, but only if 
protected from light through the use of amberized glassware or storage of the solution in the 
dark. Exposure of a CDCl3 solution of C12 to ambient room light, the solution slowly turned 
from yellow to orange after ca. 1 h, and the formation of triphenylphosphine oxide (OPPh3) 
began to be observed. The peak at ca. 28 ppm is due to OPPh3, which resonates at the same 




 When the solution was allowed to stand in ambient 
light for longer periods, a decrease of the resonance due to C12 was observed along with the 
increase of the OPPh3 peak (Figure 4.11). In addition the solution changed from orange to 
brown. It indicates that degradative changes of C12 took place. After exposure to room light 
for 7 days, complex C12 completely decomposed, corresponding to the complete 
disappearance of the 
31
P signal of C12 in the NMR spectrum. A large amount of palladium 
black and some orange crystalline material, C13 were formed after 7 days. C13 was 
characterized by single crystal X-ray diffraction. A full list of bond lengths and angles, as well 
as the X-ray data collection parameters of C13 (data sets 11) and the CIF file can be found in 
















P NMR spectral changes associated with the decomposition of C12 in CDCl3 with 
ambient room light. 
 
A likely mechanism for the formation of the bis(salicylaldiminato)palladium complex C13 is 
shown schematically in Scheme 4.5.
32
 Photolytic cleavage of the Pd-Me bond generates a 
methyl radical and a [Pd(N^O)(PPh3)] radical. The methyl radical abstracts a deuterium from 
CDCl3 to form CH3D. Upon exposure to air, the palladium radical rapidly converts to 
phosphine oxide producing a [Pd(N^O)] radical which further decomposes to give palladium 
black and a (N^O) radical. Finally the remaining [Pd(N^O)] radical couples with the resulting 
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As summarized in Table 4.7, significant geometry changes are observed in N^C complexes 
during the process of the interchange of ligands in the coordination sphere of platinum(II) 
(Eq. 4.3). An increase of the Pt-N bond length from C1 to C4 to C10 was ascribed to the 





Table 4.7 Selected bond lengths (Å), bond angles (
o
) and torsion angles (
o
) for the platinum(II) 
complexes containing N^C chelate (LA) 
Bond length and 
angle 
C1 C4 C10 
Pt-N 2.054(5) 2.098(5) 2.1451(7) 
Pt-C 2.011(5) 2.013(6) 2.044(2) 
N-C 1.292(5) 1.273(8) 1.286(3) 
∠(N-Pt-C) 80.89(7) 80.4(2) 79.17(8) 
∠(plane1-plane2)a  171.2(5) -175.5(7) -178.1(12) 






















The steric bulk of the ligand and its position are found to affect the bite angle of the 
cyclometallated ligand as w ll as the torsion angles between three planes in the structures of 
C1, C4 and C10. As can be seen, when the dmso group was replaced by the bulky PPh3 
group, the bite angle [∠(N-Pt-C)] was reduced from 80.89(7)o in C1 to 80.4(2)o in C4, and a 
further reduction in C10 [79.17(8)
o
] was observed when PPh3 was positioned cis to the 
nitrogen atom. This is accompanied by the enhanced coplanarity between the metallacycle 
(plane 1) and the coordination plane (plane 2), as the torsion angle between the two planes 
[∠(plane1-plane2)] changed from [171.2(5)o] in C1 to [-175.5(7)o] in C4, and to  
























] in C10. When the dmso or PPh3 ligand is trans to the imine group, a nearly 
facial (perpendicular) orientation
13,33
 of the 2,6-diisopropylphenyl ring (plane 3) to the mean 
plane of the chelate ring (plane 1) is observed in complexes C1 and C4, as the torsion angles 
between two planes [∠(plane1-plane3)] are close to 90o. However, the facial orientation is 
distorted [75.0(3)
o
] by the cis arrangement of the PPh3 and the imine group in C10.   
 
4.2.3 Cyclic voltammetry studies of ferrocene containing complexes  
 
The reactions of 1,1'-bis(diphenylphosphino)-ferrocene (dppf) with platinum dmso precursors 
in dichloromethane gave the ferrocene-containing complexes C8 and C9, respectively. The 
complexes were characterized by NMR spectroscopy, and all the peaks were assigned using 
COSY and HSQC NMR spectra. For both complexes, the 
1
H NMR spectra are similar to 
those of their PPh3 analogues, while the singlets in 
31
P NMR shift upfield due to the shielding 
effect of the ferrocene group. In order to elucidate the effect induced by the Schiff base 
ligands bound to the platinum(II) atom on the redox properties of the iron(II) atom in C8 and 
C9, electrochemical studies were performed based on cyclic voltammetry (CV). In all cases, 
the cyclic voltammograms of freshly prepared solutions (1.5 mM) of dppf, C8 and C9 in 
dichloromethane were recorded. Cyclic voltammograms are presented in Figure 4.12. The 
31
P 
NMR data of these complexes are collected in Table 4.8 along with the data obtained from 
CV measurements. 
 
The platinum complexes show different redox behaviour in CH2Cl2 depending on the donor 
ability of N^O and N^C ligand (Figure 4.12). The N^C complex, C8, exhibits only one 
reversible redox peak at E1/2 = 0.567 V (Epa = 0.654 V, Epc = 0.480 V), and it is the more 
cathodic potential in two complexes. On the other hand, the complex containing the N^O 
ligand, C9, gives one reversible redox peak at Epa = 0.707 V (Epc = 0.601 V) and one stepwise 
quasi-reversible peak at Epa = 1.30 V (Epc = 0.996 and 0.836 V). The first half-wave potential 
of N^O complex is observed at E
1
1/2 = 0.654 V, which can be attributed to the redox process 
of Fc/Fc
+
. It suggests that [dppf]
+
 formed during the first oxidation process is well stabilized 
by the [Pt(N^O)] moiety. Consequently, the quasi-reversible peak at Epa = 1.30 V corresponds 






















Figure 4.12 Cyclic voltammograms of complexes C8 (A) and C9 (B) in dichloromethane at 298 K 




P NMR and CV parameters for (dppf)PtL complexes 
 L 
31
P NMR cyclic voltemmatery (V) 





C8 N^C 9.42 4239 0.567  
C9 N^O 1.98 3851 0.654 1.30 
 
 
The free ligand, dppf exhibits a reversible oxidation wave at E1/2 = 0.190 V (referenced to 
ferrocene) in dichloromethane solution containing 0.1M (Bu4N)(PF6) as supporting 
electrolyte. Both complexes show more anodic half-wave potentials compared to the 
uncoordinated dppf due to the electron-withdrawing property of the ligand and the Lewis acid 
character of the Pt(II) ion. Oxygen is more electronegative than carbon atom; therefore the 
electron-withdrawing ability is higher, causing the ferrocene moiety in C9 to be oxidized with 
more difficulty than C8. This is supported by the higher E1/2 potential of C9 than that of C8, 
indicating N^C is a better donor than N^O ligand.  
 
It has been previously mentioned that the more electron-donating group causes increased 
shielding of the platinum centre, and consequently increases the back-donation from the Pt 
centre to the P atom. Therefore, the Pt-P  bond becomes stronger and gives a higher JPt-P 
coupling constant.
13
 Judging from JPt-P and E1/2 values, the order of the donor ability can be 
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 As N^C ligands are more 
electron-donating than N^O, one may expect that reductive elimination could proceed faster 
from their palladium-alkyl intermediates to form short chain oligomers compared to their 
N^O analogues during oligomerization reactions. Palladium complexes bearing N^O ligands 
(shown in Chapter 1) are catalysts for ethylene oligomerization. Thus it is quite possible for 
palladium complexes containing N^C ligands produce oligomers with even shorter chain 
length, viz, butenes. This is consistent with the results obtained from computational modelling 
in Chapter 2, i.e., the ethylene oligomerization reactions catalysed by cyclometallated 
palladium complex produce mainly ethylene dimers.  
 
4.2.4 Cis-to-trans isomerization of Pt(N^O) complex 
 
As previously mentioned, when triphenylphosphine is added to a solution of C2a or C2b, the 
kinetically controlled product C5a with phosphorus coordinating cis to the imine group is 
obtained. By heating, the kinetic product C5a undergoes a slow conversion to the 
thermodynamically more stable trans complex C5b, resulting in an increasing up-field 
resonance ascribed to the H
5
 proton at 6.31 ppm as well as an alteration of both the Pt-P and 
Pt-H coupling constants. In particular, the Pt-P coupling constant changes from 4063 to 3818 
in accord with the isomerization from the PPh3 cis to the nitrogen atom to a trans position. 
This behaviour is similar to that observed by Forniés et al.
11a
 in their study of the 
isomerization of a [PtCl(N^C)PPh3] complex.  
Our interest in determining the possible mechanism for the cis-to-trans isomerization for the 
square-planar platinum(II) complex bearing N^O chelate ligand, and the comparison between 
kinetic and computational data led us to measure the kinetic conversion C5a→C5b (Eq. 4. 4) 
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4.2.4.1 Kinetic studies 
In CDCl3, the cis–to–trans geometrical conversion C5a→C5b was investigated quite easily in 
the temperature range 313 – 336 K by 
31
P NMR measurements. In the temperature range, the 
conversion is ca. 95%, and gives the stable trans isomer and a small amount of the starting cis 
isomer presenting at the end of the reaction. The kinetics can be examined by using the time 
dependence of the reaction components. The pseudo-fist-order rate constants were calculated 






























Table 4.9 Experimental pseudo-first-order rate constants for the isomerization of C5a to C5b 





1 313 0.19±0.01 
2 320 0.43±0.02 
3 328 1.39±0.06 
4 336 3.85±0.12 
 
The progress of each reaction was monitored by following the decrease of the 
31
P resonance at 
-2.14 ppm belonging to C5a. Figure 4.13 shows the spectral changes in the transformation 
C5a→C5b during the heating process at 338 K. The two clearly defined resonances at 8.67 
and -2.37 ppm indicate that the isomerization is well-behaved and is free of kinetic 
complications. The relative intensity of the resonance belonging to C5a versus time plot, 
depicted in Figure 4.14(A), shows the least-squares fit of the NMR data to the decrease of 
C5a by a pseudo-first-order reaction. 
 
The variable-temperature rate constants for compound C5a obtained in Table 4.5 were fitted 



















obtained is comparable to that of other similar systems,
36,37
 while the value of 
∆S
ǂ 
























Figure 4.13 The relative intensity of the C5b resonance versus time plot for the experimental data at 
338K (solid black line). Inside: 
31
P NMR spectral changes associated with the geometrical 











0 4 8 12 16 20






























Figure 4.14 (A) The pseudo-first-order plots for cis-to-trans isomerization of C5a at variable-
temperature. (B) Eyring plot for the isomerization reaction of C5a constructed by the use of rate data 
obtained from 
31
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4.2.4.2 DFT studies 
The possible mechanisms for cis-to-trans isomerization depend on the nature of the solvent, 
the electronic nature of the ligands and the temperature.
40
 Different mechanisms usually 
considered for cis-to-trans isomerization in square-planar complexes include the associative 
pathway [Scheme 4.6 (A)],
41
 the Berry pseudo-rotation mechanism [Scheme 4.6 (A)],
42
 the 
dissociative pathway [Scheme 4.6 (B)],
43
 and direct geometry change via a tetrahedral four-




As can be seen from Scheme 4.6 (A), both associative and Berry‟s pseudo-rotation 
mechanisms need the coordination of a fifth ligand such as an extra PR3 ligand, an ethylene or 
a solvent molecule.
42a,45 
In our system, solvent is the only possible source as the fifth ligand. 
However, since CDCl3 is a poor coordinating solvent, we could therefore rule out these two 
pathways via five-coordinate intermediates. Therefore, both dissociative and direct geometry 
change pathways could be possible mechanisms for the isomerization process from C5a to 
C5b. In addition, two dissociative pathways, which were previously mentioned in Chapter 2 
(Section 2.2), could be possible: the dissociation of PPh3 and the dissociation of the N-atom 
of the hemilabile imine ligand. We decided to use the results of electronic structure 
calculations to determine which of the above mechanisms is favoured in the rearrangement of 
C5a. As a test of our computational prediction of the preferred mechanism, we had to assess 
































































































Scheme 4.6 Possible mechanisms considered for cis-to-trans isomerization in square-planar 
complexes. 
 
Three possible isomerization routes were investigated. The energy profiles are shown in 
Figure 4.15 and the calculated activation parameters as well as the experimental values are 
given in Table 4.10 (Structure details in Supporting information). Our computational studies 
were initiated by performing DFT calculations on the isomerization of C5a through the 
dissociative pathway, involving the dissociation of the PPh3 ligand, and the direct geometry 
change via a tetrahedral four-coordinate transition state. These two mechanisms are similar to 
those reported for cis-to-trans isomerization of the palladium complex bearing N^C ligand in 
Chapter 2 (Section 2.4.2.1). It is worth noting that both the “Y-shaped” three-coordinate  
transition state (TS-P) and the tetrahedral four-coordinate transition state (TS) are calculated 
to be extremely close in activation energy (∆G
ǂ
298.15), in which TS-P is about 2 kcal/mol more 
stable than TS (see Table 4.9). On the other hand, TS-P is 10.6 kcal/mol higher in enthalpy 
(∆H
ǂ
298.15) than TS, due to the very positive value of ∆S
ǂ 
for TS-P (45.3 eu), which is expected 
for the dissociative mechanism.
36,39 
Thus, the experimental value of ∆S
ǂ 
obtained (1.2±3.3 










































































































Figure 4.15 Isomerization routes: simple rotation via tetrahedral TS (black), dissociative route via the 
dissociation of PPh3 (red) and dissociative route via the dissociation of N atom (green). (∆G298.15,/ 
∆H298.15, kcal/mol at 1 atm relative to C5a). 
 
















 33.9 45.3 20.4 
2
b
 35.0 -6.1 33.2 
3
c
 23.3 4.1 22.0 
4
d
 26.9±1.1 1.2±3.3 26.6±0.1 
a 
Dissociative mechanism via the dissociation of the PPh3 ligand 
b 
Dissociative mechanism via the dissociation of the N-atom 
c 




The third route proposed for isomerization of C5a is the dissociative pathway involving the 
dissociation of the N-atom. The dissociation of the labile N-atom from C5a affords a cis-like 
three-coordinate intermediate, C5a-N, with the agostic interaction between the Pt centre and 
the imine hydrogen (Pt···H distance is 2.467 Å). As shown in Figure 4.15, conversion of an 
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consumption of energy. Our calculations find TS, the transition state for the one-step 
conversion of C5a to C5b to be ca. 11 kcal/mol lower in both enthalpy and activation energy 
than TS-N, which is the highest energy transition structure in the three isomerization routes.  
 
Therefore, the calculated activation parameters of ∆H
ǂ 
= 23.3 kcal/mol, ∆S
ǂ 
= 4.1 eu for 
isomerization of C5a to C5b via the tetrahedral four-coordinate transition state (TS) are in 
good agreement with the experimental values of ∆H
ǂ 
= 26.9±1.1 kcal/mol, ∆Sǂ = 1.2±3.3 eu 
(Table 4.10). This agreement provides support for the computational finding that the one-step, 
direct geometry change mechanism is really preferred to the three-step dissociative 
mechanisms. Similar DFT findings were reported for the cis-to-trans isomerization of a 
related palladium complex.
40




The reactions of phosphines with Pt complexes containing both N^C and N^O ligands have 
been studied in the present work (Scheme 4.7).  
 
The results obtained here show that the reaction of PPh3 with the N^C complex C1 leads to a 
trans isomer C4 (where PPh3 is trans to N atom), while the same reaction with N^O complex 
C2a or C2b leads to both cis and trans isomers C5a and C5b.  
 
By reacting with the bidentate phosphine, dppe, in an equimolar ratio, the N^C complex C1 
formed a P^P chelated complex C7, in which dppe caused cleavage of the metallacycle, 
leading to a monodentate [N-C-1C] system in the solid state, and extrusion of the chloride 
ligand, giving an ionic derivative in CDCl3 or DCM. In contrast to this, ligand dissociation 
was observed for the N^O complexes C2a or C2b in the reaction with dppe.  
 
When dppf was used as a spacer ligand (in a molar ratio = 1:2), the trans isomers with both 
N^C and N^O ligands gave diplatinum(II) complexes C8 and C9, while no reaction occurred 

































































































* only formed from the reaction of dppf with C2b
(A)
(B)  
Scheme 4.7 Overall reactivities of dmso ligated complexes   
 
Methylation reactions on the cyclometallated platinum complex C4 using LiMe were studied 
as a model reaction to represent the methylation reaction by MAO on its palladium analogue 
in an actual catalytic process. The methylplatinum(II) complex with cis geometry (PPh3 being 
cis to N atom), C10, was obtained as the predominant product due to the large transphobia of 
C-donor/C-donor ligands. This transphobia is generally more marked for Pd(II) complexes 
than for Pt(II) analogues. Thus, the formation of a methylpalladium(II) complex with cis 
geometry from the methylation by MAO should be feasible for the palladium precatalyst, and 
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Similar methylation reactions on the N^O complex C5b with LiMe were not successful, 
leading to a black decomposition product. This could be due to the relatively lower stability of 
the N^O chelate. The methylplatinum(II) complex containing the N^O ligand, C11, was 
obtained using an alternative synthetic route.  
 
In the formation of both methylplatinum(II) complexes C10 and C11, a spontaneous and 
rapid cis-to-trans isomerization should occur, leading to the more stable isomer, in which the 
pair of ligands with lower transphobia is mutually trans to each other, i.e., C-donor/P-donor 
for C10 and N-donor/P-donor for C11, respectively. 
 
The CV results of the diplatinum(II) complexes with dppf spacer ligands, C8 and C9, in 
agreement with their JPt-P coupling constants, indicate that the N^C ligand (LA) is a better 
electron-donating ligand compared to the N^O ligand (LB). Reductive elimination can be 
faster from the compounds with more electron-donating groups.
34,35 
This could be a 
reasonable explanation for the DFT findings, i.e., the cyclometallated palladium-catalysed 
ethylene oligomerization reactions give mainly butenes as products.  
 
The rate of conversion of the cis N^O complex C5a to its trans isomer C5b was measured in 
the temperature range of 313 – 336 K. The results of DFT calculations on this process show 
that both a dissociative mechanism (the dissociation of PPh3) and a non-dissociative 
mechanism (direct geometry change) have very close energy barriers. The dissociative 
mechanism was calculated to have very positive entropy (45.3 eu), while the direct geometry 
change mechanism with small positive entropy (4.1 eu). Therefore, the small positive entropy 
(1.2±3.3 eu) obtained experimentally supports the direct geometry change mechanism for the 
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Cyclometallated palladium complexes bearing N-benzylidenebenzylamines were previously 
synthesized and showed poor activity towards ethylene oligomerization.
1 
In the present study, 
various factors which could possibly cause such low activity were investigated both 
theoretically and experimentally. 
 
Theoretically, we studied i) the possible catalyst/co-catalyst interactions between the 
cyclometallated palladium pre-catalyst and three TMA-expanded MAO models, and ii) the 
possible mechanisms of their involvement in ethylene oligomerization.  
 
The DFT-predicted Pd/MAO interactions suggest that a neutral MAO-dissociation process 
remains the major interaction that will take place as evident from all MAO models studied. 
The formal methyl abstraction process could also be feasible when more energy is providing 
by, for example, increasing the reaction temperature. Therefore, both Cossee-type (involving 
linear chain-growing intermediates) and metallacycle (involving cyclic chain-growing 
intermediates) mechanisms could be possible in the actual catalysis reactions.  
 
Based on the energetic comparison of the two possible mechanisms, the Cossee-type 
mechanism was found to be kinetically favoured over the metallacycle mechanism. This 
kinetic favouring is not caused by significant differences in individual elementary step 
barriers or a single rate-determining step in either of the two mechanisms, but dictated by 
differences in thermodynamics. The Cossee-type mechanism is thermodynamically favoured 
with each uptake of ethylene, which results in a much lower overall kinetic barrier compared 
to that of the metallacycle mechanism.  
 
Additionally, the chain-initiation, chain-growth and chain-transfer steps of a Cossee-type 
mechanism were studied. Cis/trans isomerization was considered for the alkylation of the 
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being cis to the N atom) was calculated to be thermodynamically more stable than the trans 
isomer III-s (where PPh3 is trans to the N atom) and thus would be formed predominantly. 
On the other hand, the DFT-estimated LUMO of the three-coordinate (N^C)Pd(CH3) species 
showed that the LUMO is localized on the imine fragment in the cis isomer A1', while it is on 
the vacant site of the palladium centre in the case of the trans isomer A1. Therefore, A1 is the 
active species for the uptake of ethylene to initiate the oligomerization cycle. Catalytic 
activity would thus possibly depend on the extent of the formation of the  
trans-methylpalladium(II) species III-s.  
 
Furthermore, it was found that the incoming ethylene could only coordinate at the vacant site 
in the three-coordinate trans-alkyl palladium species. This is an unusual feature for the 
current Cossee-type mechanism involving a cyclometallated palladium catalyst system. 
Consequently, prior isomerization of the three-coordinate -agostic cis-alkyl palladium 
species to its trans isomer would be required for chain propagation to commence. The energy 
barrier for the isomerization step, however, was predicated to be too high to overcome, 
leading only to the dimerization of ethylene.  
 
From this theoretical study, we were able to conclude that the oligomerization of ethylene by 
cyclometallated palladium complexes has low activity and produces mainly ethylene dimers, 
and rationalize the observation of actual catalytic reactions.  
 
Experimentally, cyclometallated platinum(II) complexes bearing N-benzylidenebenzylamine 
(N^C) were synthesized as model complexes of the palladium pre-catalysts. Their 
salicylaldimine (N^O) analogues were synthesized as well. Both the N^C and N^O chelate 
complexes have similar features and N^O ligands have previously been coordinated to 
transition metals and applied in ethylene oligomerization/polymerization.
2,3
 The influence of 
these chelating ligands in platinum(II) complexes were thus investigated according to their 
spectroscopic and structural properties, as well as in various reactivity studies. 
 
The N^C platinum complexes are generally more thermally stable than their N^O analogues. 
With regard to structural properties, there was no significant difference between the N^C 
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The reactions of various phosphines with dmso-ligated platinum(II) complexes containing 
both N^C and N^O chelating ligands were studied in the present work. The metal-containing-
rings of the N^C complexes are more stable than those of the N^O analogues.  
 
The methylplatinum(II) complex with a cis arrangement of PPh3 and the N atom, C10, was 
obtained as the predominant product from the methylation reaction of its trans parent complex 
C4 with LiMe. C10 is therefore a thermodynamically controlled product. As a model reaction 
to represent the methylation step by MAO on the palladium analogue in an actual ethylene 
oligomerization process, it agrees quite well with the theoretical observation, i.e., the  
cis-methylpalladium(II) III'-s would be thermodynamically more stable than its trans isomer  
III-s. 
 
The methyl-platinum and -palladium(II) complexes, C11 and C12, were synthesized by an 
alternative route to methylation. Cis/trans rearrangement was also observed during the 
formation of stable products. Both platinum and palladium complexes showed similar 
spectroscopic properties, while the palladium complex is less stable both thermally and 
photolytically.   
 
The CV results together with the 
31
P NMR data of the diplatinum(II) complexes with a dppf 
spacer ligand, C8 and C9, showed that the N^C ligand (LA) is a better electron-donating 
ligand compared to the N^O ligand (LB). From the complexes with more electron-donating 
groups, reductive elimination can be faster.
 4
 Due to the fact that the related N^O palladium 
complexes previously reported showed reasonable activities towards ethylene 
dimerization/oligomerization,
3,5
 the ethylene oligomerization by N^C-cyclometallated 
palladium complexes would produce even shorter chain length oligomers. This is consistent 
with the DFT prediction of the formation of dimers as major products in cyclometallated 
palladium-catalysed ethylene oligomerization reactions.  
 
The cis-to-trans isomerization of the N^O complex C5a was studied both experimentally and 
theoretically. The results of DFT calculations suggest that a direct geometry change 
mechanism would be the possible isomerization pathway amongst the three studied 
mechanisms. The computed activation parameters are in very good agreement with the 
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Overall, this study has shown that the Cossee-type mechanism is the most likely mechanism 
for cyclometallated palladium-catalysed ethylene oligomerization. The catalysis reactions, 
however, show low activity and produce mainly butenes as products according to the DFT 
results. This confirms that DFT is a useful tool to interpret the experimental findings and to 
explore the crucial elementary steps of the entire catalytic reaction process. In conjunction 
with the experimental studies on platinum(II) model complexes, potential shortcomings 
existing in the currently studied cyclometallated palladium catalyst system have been 
identified. For example, we have shown that the cis-methylpalladium(II) species, which is not 
active for uptake of ethylene, could be formed as a major product in the MAO alkylation 
process, resulting in the low activity observed in the oligomerization reactions. We have also 
shown from the CV results that the N^C ligand is a better electron-donor ligand than the N^O 
ligand. This could result in the N^C complex undergoing fast reductive elimination and 
explain the production of butenes in the oligomerization reactions. The results presented here 
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6.1 General Remarks 
 
All reactions were carried out under a nitrogen or argon atmosphere using a dual 
vacuum/nitrogen line and standard Schlenk techniques unless stated otherwise. Solvents were 
dried and purified by heating at reflux under argon in the presence of a suitable drying agent. 
Hexane, pentane and methylcyclohexane were refluxed and distilled from calcium hydride 
(CaH2); tetrahydrofuran (THF), diethyl ether (Et2O), and toluene were dried over sodium-wire 
and benzophenone; dichloromethane was dried over P2O5 under nitrogen.
1
 After the 
purification procedures, the solvents were transferred under vacuum into a Teflon-valve 
storage vessel. All reagents were purchased from Aldrich and used without further 





Salicylaldimine ligands LB and LC
4
 were prepared as reported elsewhere. Reaction progress 
and product mixtures were monitored by thin-layer chromatography (TLC) on precoated 
silica-gel F254 plates using a suitable solvent system, employing the ascending technique; the 
plates were viewed under a UV light. Column chromatography was carried out using 60 Å 




Melting points were recorded on a Kofler hotstage microscope (Reichert Thermovar). 
Elemental analyses were carried out on a Fisons EA 1108 CHNS Elemental Analyzer at the 
microanalytical laboratory of the University of Cape Town. IR absorptions were measured on 
a Perkin Elmer Spectrum One FT-IR spectrophotometer. Mass spectral analyses were carried 
out at Stellenbosch University on a Waters Q-TOF Ultima API or Waters Quattro Micro API 







C NMR spectra were recorded on a Varian Mercury-300 MHz (
1
H: 300 MHz; 
13
C: 75.5 MHz; 
31
P: 121 MHz) or Varian Unity-400 MHz (
1
H: 400 MHz; 
13
C: 100.6 MHz) 
spectrometer. 
1
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deuterated solvents (CDCl3: δ 7.27; DMSO: δ 2.50 ppm; C6D6: δ 7.16 ppm) and values 
reported relative to the internal standard tetramethylsilane (δ 0.00). 
13
C NMR spectra were 
referenced internally to the resonance (CDCl3: δ 77.0; DMSO: δ 39.4, C6D6: δ 128.1 ppm) 
and the values reported relative to tetramethylsilane (δ 0.0). All chemical shifts are quoted in 
δ (ppm) and coupling constants, J, in Hertz (Hz). 
 
6.3 Preparation of the Platinum(II) Complexes  
 
[PtCl{(C6H4)CH=N{2,6-(Me2CH)2(C6H3)}}(SOMe2)] (C1)  
 
C1 was obtained from cis-[PtCl2(SOMe2)2] (0.556 g, 1.32 
mmol), imine ligand LA, (0.0.350 g, 1.32 mmol) and sodium 
acetate (0.210 g, 2.65 mmol), which were allowed to react in dry 
methanol at 65 
o
C for 48 h. The reaction mixture was filtered 
through celite to remove metallic platinum. The solvent was 
removed on a rotary evaporator and the residue was 
recrystallized using dichloromethane-methanol, yielding a deep 
yellow crystalline solid which was isolated by filtration in vacuo. Yield 0.218 g (29%). m.p.: 
194 – 196 
o
C. IR (KBr): (CH=N) 1601 cm
-1




H NMR (400 MHz, 
CDCl3):  = 8.31 [d, 
4
JH-H = 7.83 Hz, 
3
JPt-H = 40.1, 1H, H
5
], 7.95 [s, 
3





JH-H = 7.33, 1H, H
2
], 7.31 [t, b, 
3
JH-H = 8.36 Hz, 1H, H
4
], 7.27-7.22 [m, 1H, H
3
], 
7.21-7.16 [m, 1H, H
4‟
], 7.15 [d, 
3
JH-H = 7.77 Hz, 2H, H
3‟,5‟
], 3.52 (s, 
3





), 1.30 (d, 
3
JH-H = 6.79 Hz, 6H, H
c
), 1.12 (d, 
3





(CDCl3):  = 181.05 [s, C
a
], 179.94 [s, C
1‟
], 141.74 [s, C
2‟,6‟
], 133.94 [s, C
5





], 129.64 [s, C
2
], 128.11 [s, C
3
], 124.24 [s, C
6
], 124.73 [s, C
4‟





], 28.17 [s, C
b
], 24.44 [s, C
c‟
], 22.74 [s, C
c









. Anal. Found (calc. for C21H28ClNOPtS): C: 44.43 
(44.01), H: 4.58 (4.92), N: 2.03 (2.44), S: 5.82 (5.60). 
 
[PtCl{(OC6H4)CH=N{2,6-(Me2CH)2(C6H3)}}( SOMe2)] (C2)  
 
Cis-[PtCl2(SOMe2)2] (0.522 g, 1.24 mmol) and the imine LB (0.348 g, 1.24 mmol) in the 
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ml) under reflux for 2 h or 16 hr at room temperature. The solvent was removed on a rotary 
evaporator, and the residue obtained was dissolved in a minimum amount of CH2Cl2 and then 
passed through a SiO2 column. Two isomeric forms of this product (C2a and C2b) were 
isolated. N-hexane/ethyl acetate (95:5) was used to elute the band of unreacted ligand and the 
second band was eluted by n-hexane/ethyl acetate (70:30), which produced complex C2a. The 
final band was eluted by n-hexane/ethyl acetate (50:50) solution to give isomer, C2b. These 
isomers differ in the conformation of the Cl
-
 ligand [trans to N atom (C2a) or O atom (C2b)]. 
 
C2a, yield 0.550 g, 75 %. m.p.:164 – 167 
o
C. IR (KBr): 
(CH=N) 1606 cm
-1




H NMR (300 MHz, 
CDCl3): = 7.73 [s, 
3
JPt-H = 93.27 Hz, 1H, H
a
], 7.43 [dd,  
3
JH-H = 8.53 Hz, 
4
JH-H = 1.60 Hz, 1H, H
2
], 7.24 [t, 
3
JH-H = 
7.74 Hz, 1H, H4‟], 7.13 [d, 
3





JH-H = 7.74 Hz, 2H, H
3‟,5‟
], 6.63 [dd, 
3
JH-H = 7.33 Hz,  
4
JH-H = 1.86 Hz, 1H, H
5
], 3.32 [s, 6H, H
d
], 3.51 [hept, 2H, 
H
b
], 1.28 [d, 
3
JH-H = 6.88Hz, 6H, H
c
], 1.03 [d, 
3




C NMR (CDCl3): 
= 163.05 [s, Ca], 162.47 [s, C1‟], 148.19 [s, C6], 141.78 [s, C2‟,6‟], 136.68 [s, C2], 133.66 [s, 
C
3
], 128.00 [s, C
4‟
], 123.37 [s, C
3‟,5‟
], 123.06 [s, C
6
], 120.79 [s, C
4
], 117.25 [s, C
5
], 47.37 [s, 
C
d
], 27.93 [s, C
b
], 24.71 [s, C
c‟
], 22.54 [s, C
c









. Anal. Found (calc. for 
C21H28ClNO2PtS): C: 43.08 (42.82), H: 4.92 (4.79), N: 2.26 (2.59), S: 5.19 (5.43). 
 
C2b, yield 0.164 g, 23 %. M.p.: 193 – 196 
o
C. IR: (CH=N) 
1606 cm
-1




H NMR (300 MHz, CDCl3): 
= 7.73 (s, 3JPt-H = 59.47 Hz), 7.73 [s, 
3
JPt-H = 93.27 Hz, 1H, 
H
a
], 7.41 [dd, 
3
JH-H = 8.68 Hz, 
4





JH-H = 7.74 Hz, 1H, H
4‟





JH-H = 8.67 Hz, 
4
JH-H = 0.54 Hz, 2H, H
3‟,5‟
], 6.65 [dd, 
3
JH-H = 7.96 Hz, 
4
JH-H = 1.08 Hz, 1H, H
5
], 3.32 [s, 6H, H
d
], 
3.26 [hept, 2H, H
b
], 1.27 [d, 
3
JH-H = 6.80Hz, 6H, H
c
], 1.03 [d, 
3





NMR (CDCl3): = 162.83 [s, C
1‟
], 161.45 [s, C
a
], 146.36 [s, C
6
], 141.78 [s, C
2‟,6‟











], 120.62 [s, C
4





], 28.09 [s, C
b
], 24.40 [s, C
c‟
], 22.79 [s, C
c



































































. Anal. Found (calc. for 
C21H28ClNO2PtS): C: 43.07 (42.82), H: 4.86 (4.79), N: 2.38 (2.59), S: 5.45 (5.43). 
 
[PtCl{(OC6H4)CH=N(C6H5)}(SOMe2)] (C3)  
 
cis-[PtCl2(SOMe2)2] (0.540 g, 1.28 mmol) and the imine 
LC (0.252 g, 1.28 mmol) in the presence of sodium 
acetate (0.105mg, 1.28 mmol) were allowed to react in 
dry methanol (20 ml) for 16 hr at room temperature. A 
yellow precipitate C3 formed. The product was collected 
by filtration in vacuo. Yield: 0.435 g, 67.2 %. M.p.: 170 – 
172 
o
C. IR (KBr): (CH=N) 1607 cm
-1




H NMR (300 MHz, CDCl3): = 
7.83 [s, 
3
JPt-H = 86.34 Hz, 1H, H
a
], 7.47 [d, 
3
JH-H = 7.19 Hz, 2H, H
2‟,6‟





JH-H = 7.26 Hz, 1H, H
2
], 7.21 [dt, 
3
JH-H = 8.08 Hz, 
4
JH-H = 1.30 Hz, 1H, H
4
], 7.11 [t,  
3
JH-H = 8.60 Hz, 1H, H
3
], 6.64 [d, 
3
JH-H = 7.42 Hz, 1H, H
5




C NMR (101 
MHz, CDCl3): = 163.47 [s, C
1‟
], 162.69 [s, C
a
], 153.52 [s, C
6
], 136.79 [s, C
2
], 133.66 [s, 
C
4
], 128.82 [s, C
2‟,6‟
], 128.00 [s, C
4‟
], 124.18 [s, C
3‟,5‟
], 121.06 [s, C
3





], 46.36 [s, C
d
]. EI-MS: m/z 506.03 [M]+, 469.05 [M-Cl]+, 391.04 [M-Cl-Ph]+, 390.04 
[M-Cl-dmso]
+
. Anal. Found (calc. for C15H16ClNO2PtS): C, 35.90 (35.68); H, 3.02 (3.19); N, 
2.38 (2.77), S 5.98 (6.35). 
 
[PtCl{(C6H4)CH=N{2,6-(Me2CH)2(C6H3)}}(PPh3)] (C4)  
 
C4 was obtained from compound C1 (0.068 g, 1.12 mmol) 
and triphenylphosphine (0.031g, 0.12 mmol), which were 
allowed to react in acetone at room temperature for 2 h. 
The solvent was removed on a rotary evaporator and the 
residue was treated with dichloromethane-methanol, 
yielding a bright yellow crystalline solid which was dried 
in vacuo. Yield 70mg (78%). M.p.: 302 – 304 
o





H NMR (300 MHz, CDCl3): = 8.28 [d, 
4
JH-P = 9.3 Hz, 
3
JPt-H = 90.5 
Hz, 1H, H
a
], 7.68 - 7.63[m, 6H, Ph-H], 7.32 – 7.24 [m, 10H, H
2 





], 6.91 [t, 
3
JH-H = 7.26 Hz, 1H, H
4
], 6.60 [dt, 
3
JH-H = 7.64 Hz, 
4





















































], 6.55 [dd, 
3
JPt-H = 43.08 Hz, 
3
JH-H = 7.65 Hz, 
4
JH-H = 2.35 Hz, 1H, H
5
], 3.35 [hept, 
2H, H
b
], 1.26 [d, 
3
JH-H = 6.80 Hz, 6H, H
c
], 1.11 [d, 
3





(CDCl3): = 179.98 [d, JP-C = 3.22 Hz, JPt-C = 85.13 Hz, C
a
], 146.23 [s, C
1‟
], 141.55 [s, C
2‟,6‟
], 
136.97 [d, JP-C = 5.68 Hz, JPt-C = 85.13 Hz, C
5
], 135.16 [d, JP-C = 11.13 Hz, 6C, Ph-C], 132.22 
[s, C
3
], 130.47 [s, C
3‟,5‟
], 129.84 [s, C
6
], 128.92 [s, C
1
], 127.73 [d, JP-C = 11.13 Hz, 9C, Ph-C], 
127.13 [s, C
2
], 122.72 [s, C
4
], 122.55 [s, C
4‟
], 28.06 [s, C
b
], 24.52 [s, C
c‟










. Anal. Found (calc. for C37H37ClNPPt): C, 58.12 (58.69); H, 5.03 (4.93); N, 1.26 
(1.85). 
 
[PtCl{(OC6H4)CH=N{2,6-(Me2CH)2(C6H3)}(PPh3)] (C5)  
 
C2a or C2b or the mixture of C2a and C2b (0.666 g, 1.0 mmol) and triphenylphosphine 
(0.296 g, 1.0 mol) were allowed to react in dichloromethane at room temperature for 2 h. The 
solvent was removed using a rotary evaporator, and the residue obtained was dissolved in a 
minimum amount of CH2Cl2 and then passed through a SiO2 column. Two isomeric forms of 
this product (C5a and C5b) were isolated. Elution with n-hexane/ethyl acetate (98:2) solution 
produced a yellow band, which yielded C5b; Elution with n-hexane/ethyl acetate (80:20) 
solution released second band that was collected and concentrated to give C5a. These isomers 
differ in the conformation of the PPh3 ligand [cis to N atom (C5a) or trans to N atom (C5b)]. 
 
C5a, yield 0.294 mg, 34%. M.p.: 210 – 214 
o





H NMR (300 MHz, CDCl3): = 7.61 
[s, 1H, H
a
], 7.49 [d, 
3
JH-H = 8.32 Hz, 1H, H
2
], 7.48 – 7.43 [m, 
6H, Ph-H], 7.29 – 7.25 [m, 3H, Ph-H], 7.19 [d, 
3
JH-H = 8.76 
Hz, 1H, H
5
], 7.16 – 7.12 [m, 6H, Ph-H], 7.09 [dt, 
3
JH-H = 8.07 
Hz, 
4
JH-H = 1.48 Hz, 1H, H
4
], 6.83 [t, 
3
JH-H = 7.77 Hz, 1H, 
H
4‟
], 6.64 [d, 
3
JH-H = 7.75 Hz, 2H, H
3‟,5‟
], 6.59 [t, 
3
JH-H = 
7.29 Hz, 1H, H
3
], 3.66 [hept, 2H, H
b




C NMR (101 MHz, 
CDCl3): = 163.94 [s, C
a
], 163,22 [s, C
1‟
], 151.50 [s, C
6
], 140.99 [s, C
2‟,6‟
], 136.17 [s, C
2
], 
134.92 [d, JP-C = 10.29, 6C, Ph-C], 133.48 [s, C
4
], 129.83 [d, JP-C = 2.33 Hz, 3C, Ph-C], 
128.50 [s, C
4‟
], 127.81 [d, JP-C = 11.05, 6C, Ph-C], 123.59 [s, C
3‟,5‟
], 122.05 [s, C
5
], 118.85 [s, 
C
1
], 116.25 [s, C
3
], 27.78 [s, C
b
], 25.48 [s, C
c‟
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. Anal. Found (calc. for 
C37H37ClNOPPt): C, 57.70 (57.47); H, 5.02 (4.82); N, 1.73 (1.81). 
 
C5b, yield 0.423 g, 48%. M.p.: 236 – 239 
o





H NMR (300 MHz,  CDCl3): = 
8.06 [d, 
4
JP-H = 13.92 Hz, 1H, H
a
], 7.83 – 7.76 [m, 6H, Ph-
H], 7.50 [d, 
3
JH-H = 13.92 Hz, 1H, H
2
], 7.48 – 7.36 [m, 9H, 
Ph-H], 7.26 [t, 
3
JH-H = 1.82 Hz, 1H, H
4
], 7.24 [t, 
3
JH-H = 
1.80 Hz, 1H, H
4‟
], 7.20 [d, 
3





JH-H = 7.50 Hz, 
4
JH-H = 1.07 Hz, 1H, H
3
], 6.31 [dd,  
3
JH-H = 8.57 Hz, 
4
JH-H = 0.49 Hz, 1H, H
5
], 3.53 [hept, 2H, H
b
], 1.41 [d, 
3
JH-H = 6.83 Hz, 6H, 
H
c
], 1.14 [d, 
3









], 146.33 [s, C
6
], 141.86 [s, C
2‟,6‟
], 135.13 [d, JP-C = 10.52 Hz, 6C, Ph-C], 134.89 
[s, C
2
], 134.48 [s, C
4
], 130.63 [d, JP-C = 2.38 Hz, 3C, Ph-C], 128.71 [s, C
1
], 127.85 [d, JP-C = 
11.11 Hz, 6C, Ph-C], 126.98 [s, C
4‟
], 122.84 [s, C
3‟& 5‟
], 121.10 [s, C
5





], 24.73 [s, C
c‟




P NMR (121 MHz, CDCl3): = 8.87 [s, JP-Pt = 3818.82]. 




, Anal. Found (calc. for C37H37ClNOPPt): C, 57.78 




C6 was obtained from C3 (0.108 g, 0.21 mmol) and 
triphenylphosphine (56 mg, 0.21 mmol), which were 
allowed to react in dichloromethane at room temperature 
for 2 h. The solvent was removed on a rotary evaporator, 
and the residue obtained was dissolved in the minimum 
amount of CH2Cl2 and then passed through a SiO2 
column. Elution with n-hexane/ethyl acetate (90:10) 
solution gave a yellow band. Yield 0.102 g (69.3 %). M.p.: 210 – 212 
o





H NMR (300 MHz, CDCl3): = 8.20 [d, 
4
JP-H = 13.39 Hz, 1H, H
a
], 7.77 (m, 6H, Ph-
H), 7.47 [d, 
3
JH-H = 6.84 Hz, 1H, H
2
], 7.45 – 7.37 (m, 9H, Ph-H), 7.35 (m, 1H, H
4
) 7.28 (d, 
3
JH-H = 7.48 Hz, 2H, H
2‟ ,6‟
), 7.22 (t, 
3
JH-H = 7.64 Hz, 2H, H
3‟ ,5‟
) 7.17 (t, 
3
JH-H = 8.60 Hz, 1H, 
H
4‟
), 6.55 (t, 
3
JH-H = 7.53 Hz, 1H, H
3
), 6.16 (d, 
3
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CDCl3): = 163.01 [s, C
1‟
], 160.89 [s, C
a
], 151.12 [s, C
6
], 135.06 [d, JP-C = 11.52 Hz, 6C, Ph-
C], 134.96 [s, C
4‟
], 130. 67 [s, C
2,2‟,6‟
], 128.20 [d, JP-C = 2.42 Hz, 3C, Ph-C], 127.96 [d, JP-C = 
10.32 Hz, 6C, Ph-C], 124.83 [s, C
3‟,5‟
], 121.86 [s, C
5
], 119.64 [s, C
1










Anal. Found (calc. for C31H25ClNOPPt): C, 54.64 (54.04); H, 3.85 (3.66); N, 1.87 (2.03) 
 
[Pt{(C6H4)CH=N{2,6-(Me2CH)2(C6H3)}}{Ph2P(CH2)2PPh2}]Cl (C7 solution) 
[PtCl{(C6H4)CH=N{2,6-(Me2CH)2(C6H3)}}{Ph2P(CH2)2PPh2}] (C7 solid) 
 
C7 was obtained from compound C1 (0.050 g, 0.087 mmol) 
and bis(diphenylphosphino)ethane (dppe) (0.035 g, 0.087 
mmol) which were allowed to react in acetone at room 
temperature for 4 h. The solvent was removed on a rotary 
evaporator, and the residue obtained was dissolved in a 
minimum amount of CH2Cl2 and passed through a SiO2 
column. Elution with n-hexane/ethyl acetate (50:50) solution 
removed the impurities and the product band was eluted 
using methanol. The yellow solid obtained recrystallized 
from acetone giving an off white crystalline solid. Yield 33 
mg (42%). M.p.: 320 – 323 
o





 (DCM solution). 
1
H NMR (300 MHz, 
CDCl3): = 8.28 [d, 
4
JH-P = 8.09 Hz, 
3
JPt-H = 83.82 Hz, 1H, 
H
a
], 7.94 [dd, 
3
JH-P = 11.98 Hz, 
3
JH-H = 7.56 Hz, 4H, Ph-H], 
7.60 - 7.52[m, 8H, Ph-H], 7.39 [m, 2H, Ph-H], 7.30 – 7.20 [m, 7H, H
3
 and 6 Ph-H], 7.15 [t, 
3
JH-H = 7.69 Hz, 1H, H
4
], 7.01 [t, 
3
JH-H = 7.77 Hz, 1H, H
4‟
], 6.98 – 6.88 [m, 2H, H
2,5
], 6.78 [d, 
3
JH-H = 7.79 Hz, 2H, H
3‟,5‟
], 3.08 [hept, 2H, H
b
], 2.58 [dt, 
2
JP-H = 27.06 Hz, 
3
JH-H = 14.78 Hz, 
2H, H
e
], 2.30 [dt, 
2
JP-H = 21.88 Hz, 
3
JH-H = 13.64 Hz, 2H, H
d





NMR (CDCl3): = 184.92 [s, b C
a
], 163.30 [dd, JPcis-C = 5.62 Hz, JPtrans-C = 105.58 Hz, C
6
], 
147.20 [d, JPcis-C = 8.29 Hz, C
1‟
], 140.26 [s, C
2‟,6‟
], 138.51 [d, JPcis-C = 3.19 Hz, JPt-C = 90.59 
Hz, C
5
], 134.16 [d, JP-C = 13.67 Hz, Ph-C], 133.05 [d, JP-C = 11.12 Hz, Ph-C], 132.78 [d, JP-C 
= 2.03 Hz, C
3
], 131.49 [d, JP-C = 1.96 Hz, Ph-C], 130.02 [d, JP-C = 4.00 Hz, C
1
], 129.49 [dd, 
JP-C = 13.67, 22.46 Hz, Ph-C], 128.67 [s, P-C], 128.33 [s, C
4‟
], 128.21 [s, P-C], 126.23 [s, C
4
], 
125.92 [s, P-C], 125.31 [s, P-C], 123.74 [s, C
3‟,5‟
], 29.08 [m, C
e,d
], 28.15 [s, C
b
































































P NMR (121 MHz, CDCl3): = 43.30 [s, JP-Pt = 1900.91, PB], 39.65[s, JP-Pt = 
3711.14, PA]. EI-MS: m/z 857.28 [M-Cl]
+
. Anal. Found (calc. for C45H46ClNP2Pt): C, 58.12 
(58.69); H, 5.03 (4.93); N, 1.26 (1.85). 
 
[{PtCl(C6H4)CH=N{2,6-(Me2CH)2(C6H3)}}2(-dppf )] (C8) 
 
C8 was obtained from compound C1 (0.062 g, 
1.09 mmol) and 1,1‟-bis(diphenylphosphino)-
ferrocene (dppf) (0.030 g, 0.504 mmol) which 
were allowed to react in acetone at room 
temperature for 16 h. The solvent was removed 
on a rotary evaporator, yielding an orange solid 
which was dried in vacuo. Yield 65 mg (83%). 
M.p.: 184 -187 
o





H NMR (400 MHz, CDCl3): = 8.17 (d, 
4
JP-H = 9.54 Hz, 
3
JPt-H = 82.74 Hz, 2H, Ha), 7.62 – 7.57 [m, 8H, Ph-H], 7.35 [d, 
3
JH-H = 7.57 
Hz, 2H, H
2
], 7.29 [d, 
3
JH-H = 6.99 Hz, 4H, H
3‟,5‟
], 7.21 – 7.16 [m, 12H, Ph-H], 7.15 [t, 
3
JH-H = 
5.61 Hz, 2H, H
4‟
], 6.97 [t, 
3
JH-H = 7.31 Hz, 2H, H
3
], 6.66 [dd, 
3





], 6.45 [dd, 
3
JH-H = 7.92 Hz, 
4
JH-H = 2.31 Hz, 2H, H
5
], 4.98 [s, 4H, H
e
], 4.39 [s, 
4H, H
d
], 3.37 [hept, 4H, H
b
], 1.30 [d, 
3
JH-H = 6.76 Hz, 12H, H
c
], 1.12 [d, 
3










], 141.83 [s, C
2‟,6‟
], 137.36 [d, JP-C = 4.36 Hz, JPt-C = 92.23 Hz, C
5
], 134.33 [d, 
JP-C = 10.78 Hz, 8H, Ph-C], 132.00 [s, C
4‟
], 131.75 [s, C
1
], 130.39 [s, C
3‟,5‟
], 129.17 [s, C
2
], 
127.57 [d, JP-C = 11.01 Hz, 12H, Ph-C], 127.28 [s, C
6
], 122.92 [s, C
3
], 122.63 [s, C
4
], 76.73 
[d, JP-C = 10.45 Hz,C
e
], 75.48 [d, JP-C = 7.67 Hz,C
d
], 28.12 [s, C
b
], 24.79 [s, C
c‟










, Anal. Found (calc. for C72H72Cl2FeN2P2Pt2): C, 56.17 (56.46); H, 4.89 (4.70); 
N, 1.72 (1.81). 
  
[{PtCl(OC6H4)CH=N{2,6-(Me2CH)2(C6H3)}}2(-dppf )] (C9) 
 
C9 was obtained from compound C2b (0.119 g, 20.28 mmol) and dppf (0.056g, 10.14 mmol) 
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was removed on a rotary evaporator, and the 
residue obtained was dissolved in a minimum 
amount of CH2Cl2 and the passed through a 
SiO2 column. N-hexane was used to elute the 
unreacted dppf, and the second band was 
removed by N-hexane/ethyl acetate (95:5) to 
produce complex C9. Yield: 68 mg, (75%). 
M.p.: decompose without melting at 281 –  
285 
o





NMR (400 MHz, CDCl3): = 8.03 [d,
 3
JH-H = 14.16 Hz, 2H, H
a
], 7.67-7.58 [m, 8H, Ph-H], 
7.41 [d, 
3
JH-H = 6.63 Hz, 2H, H
2
], 7.39 [d, 
3
JH-H = 6.59 Hz, 4H, Ph-H], 7.35-7.25 [m, 8H, Ph-
H], 7.22 – 7.20 [m, 2H, H
4
], 7.18 [d, 
3
JH-H = 7.43 Hz, 4H, H
3‟,5‟





JH-H = 7.12 Hz, 2H, H
3
], 6.14 [d, 
3
JH-H = 8.60 Hz, 2H, H
5
], 4.74 [d, 
3
JH-H = 0.98 Hz, 4H, 
H
e
], 4.63 [d, 
3
JH-H = 1.55 Hz, 4H, H
d
], 3.67 – 3.33 [hept, 4H, H
b
], 1.33 [d, 
3
JH-H = 6.81 Hz, 
12H, H
c‟
], 1.08 [d, 
3




C NMR (101 MHz, CDCl3): = 163.26 [s, 
C
1‟
], 160.68 [s, C
a
], 146.39 [s, C
6
], 141.98 [s, C
2‟,6‟
], 134.93 [s, C
2
], 134.53 [s, C
6
], 134.27 [d, 
JP-C = 10.41 Hz, 8C, Ph-C], 130.33 [s, C
4‟
], 127.54 [d, JP-C = 11.15 Hz, 12C, Ph-C], 127.01 
[s, C
4
], 122.85 [s, C
3‟,5‟
], 120.98 [s, C
5
], 119.68 [s, C
1
], 116.07 [s, C
3
], 76.51 [d, JP-C = 10.52 
Hz,C
e
], 75.37 [d, JP-C = 7.98 Hz,C
d
], 28.16 [s, C
b
], 24.79 [s, C
c




P NMR (162 





Found (calc. for C72H72Cl2FeN2O2P2Pt2): C, 55.12 (54.86); H, 4.73 (4.60); N, 1.63 (1.78). 
 
[Pt(CH3){(C6H4)CH=N{2,6-(Me2CH)2-(C6H3)}}(PPh3)] (C10)  
 
In a Schlenk flask, C4 (96.3 mg, 0.127 mmol) in THF (15 
ml) was cooled to T = -78°C, and methyllithium (0.3 mL 
of 1.6 M, 0.48 mmol) was added. The reactions mixture 
was allowed to warm to room temperature while stirring 
and stirred for 16 hrs until a clear orange solution was 
formed. The excess lithium reagent was removed by 
hydrolyzing the reaction mixture with 5 ml of saturated 
aqueous NH4Cl at 0°C. The organic layer was separated 
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dried over anhydrous MgSO4 and all the volatiles were removed under reduced pressure. The 
residue was dissolved in a minimum of benzene and passed through a SiO2 column. Elution 
with n-hexane gave a yellow band, which produced C10; which was recrystallized from a 
benzene/methanol mixture (5 ml: 10 ml) at -10°C for 48 h. The orange powder solid was 
separated by decanting the mother liquor and dried under vacuum. Yield: 73mg (78%). M.p.: 
232 – 236 
o









JPt-H = 48.07 Hz, 1H, H
5
], 8.21 [s, 
3
JPt-H = 57.11 Hz, 1H, H
a
], 7.48 [m, 6H, Ph-H], 
7.38 [t, 
3
JH-H = 7.58 Hz, 1H, H
4
], 7.32 [d, 
3
JH-H = 7.59 Hz, 1H, H
2
], 7.06 [t, 
3
JH-H = 7.35 Hz, 
1H, H
3
], 6.97 – 6.88 [m, 9H, Ph-H], 6.83 [t, 
3
JH-H = 7.57 Hz, 1H, H
4‟
], 6.69 [d, 
3
JH-H = 7.76 
Hz, 2H, H
3‟,5‟
], 3.52 [hept, 2H, H
b
], 1.31 [d, 
3
JP-H = 7.46 Hz, 
2





JH-H = 6.76 Hz, 6H, H
c
], 0.84 [d, 
3




C NMR (101 MHz, C6D6): 
=180.28 [d, JP-C = 6.51 Hz, JPt-C = 64.94 Hz, C
a





], 134.65 (d, JP-C = 11.46 Hz, 6H, Ph-C), 134.12 [s, JPt-C = 18.87 Hz, C
1
], 133.70 [s, 
JPt-C = 18.46 Hz, C
6
],  132.19 [s, C
4
], 131.94 [d, JP-C = 6.52 Hz, JPt-C = 51.06, C
5
], 128.90 [d, 
JP-C = 10.64 Hz, 9H, Ph-C], 127.78 [s, C
2
], 126.38 [s, C
3
], 123.83 [s, C
4‟





], 24.96 [s, C
c
], 21.63 [s, C
c‟

















To a methanol solution of imine LB (0.206 g, 0.73 mmol) 
sodium acetate (0.06 g, 0.73 mmol) was added. The reaction 
mixture was allowed to stir at room temperature for 30 min. 
This mixture was slowly added to a methanol solution (10 
mL) of Pt(COD)MeCl (0.258 g, 0.73 mmol) at room 
temperature giving a clear yellow solution. PPh3 (0.192 g, 
0.73 mmol) was then added and a yellow precipitate was 
obtained. The reaction mixture was left to stir at room temperature for 16 h. The reaction 
mixture was then filtered through Celite, and the solvent was removed in vacuo to give a light 
yellow solid. The crude product was dissolved in a minimum amount of CH2Cl2 and the 
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produced a yellow band that was collected and concentrated to give C11. Yield 0.472 g 
(86%). M.p.: 254 - 257 
o




H NMR (300 MHz, CDCl3): = 
8.11 [d, 
4
JP-H = 12.25 Hz, 
3
JPt-H = 70.88 Hz, 1H, H
a
], 7.73 – 7.67 (m, 6H, Ph-H), 7.44 – 7.33 
(m, 9H, Ph-H), 7.27 [dt, 
3
JH-H = 8.62 Hz, 
3
JH-H = 1.81 Hz, 1H, H
4





], 7.10 [dd, 
3
JH-H = 7.92 Hz, 
4
JH-H = 1.86 Hz, 1H, H
2





], 1.37 [d, 
3
JH-H = 6.87 Hz, 6H, H
c‟
], 1.14 [d, 
3
JH-H = 6.85 Hz, 6H, H
c
], -0.29 [d, 
3
JP-H = 3.19 Hz, 
2




C NMR (101 MHz, CDCl3): = 166.74 [s, 
C
1‟
], 162.12 [s, C
a
], 146.76 [s, C
6
], 141.54 [s, C
2‟,6‟
], 135.00 [s, C
2
], 134.89 [Ph-C], 134.64 [s, 
C
4
], 130.25 [d, JP-C = 2.08 Hz, Ph-C], 129.73 [s, C
1
], 127.75 [d, JP-C = 10.80 Hz, Ph-C], 
126.65 [s, C
4‟
], 123.15 [s, C
5,3‟,5‟
], 113.95 [s, C
3
], 27.56 [s, C
b
], 25.13 [s, C
c
], 22.54 [s, C
c‟
],  




P NMR (121 MHz, CDCl3): = 20.43 [s, JP-Pt = 4399.74 Hz]. 






. Anal. Found (calc. for 




To a methanol solution of imine LB (0.225 g, 0.80 mmol) 
sodium acetate (0.10 g, 1. 5 mmol) was added. The reaction 
mixture was allowed to stir at room temperature for 30 min. 
This mixture was slowly added to a methanol solution (10 
mL) of [Pd(COD)MeCl] (0.212 g, 0.80 mmol) at room 
temperature giving a clear yellow solution. PPh3 (0.209 g, 
0.80 mmol) was then added, giving a light orange 
precipitate C12. Yield 0.456 g (91%). M.p.: 203 - 208 
o





NMR (300 MHz, CDCl3): = 7.95 [d, 
4
JP-H = 11.47 Hz, 1H, H
a
], 7.67 – 7.60 (m, 6H, Ph-H), 
7.46– 7.34 (m, 9H, Ph-H), 7.21 – 7.15 [m, 4H, H
4,3‟,4‟,5‟
], 7.07 (dd, 
3
JH-H = 7.99 Hz, 
4
JH-H = 
1.68 Hz, 1H, H
2
), 6.44-6.38 (m, 2H, H
3,5
), 3.59 [hept, 2H, H
b
], 1.33 [d, 
3
JH-H = 6.88 Hz, 6H, 
H
c‟
], 1.13 [d, 
3
JH-H = 6.83 Hz, 6H, H
c
], -0.43 [d, 
3




C NMR (101 
MHz, CDCl3): = 168.98 [s, C
1‟
], 165.41 [s, C
a
], 147.31 [s, C
6
], 141.02 [s, C
2‟,6‟
], 135.64 [s, 
C
2
], 134.86 [d, JP-C = 11.76 Hz, Ph-C], 134.67 [s, C
4
], 130.60 [s, C
1
], 130.22 [d, JP-C = 2.08 
Hz, Ph-C], 127.75 [d, JP-C = 10.80 Hz, Ph-C], 126.02 [s, C
4‟
], 123.21 [s, C
3‟,5‟





], 27.92 [s, C
b
], 25.02 [s, C
c
], 22.54 [s, C
c‟












































. Anal. Found (calc. for C31H25ClNOPPt): C, 68.12 (68.72); H, 6.66 
(6.07); N, 2.03 (2.11). 
 
6.4 Isomerization Kinetics (C5a→C5b) 
 
NMR tubes (5 mm) were charged with 15 mg of C5a, which was dissolved at room 
temperature (293 K) in chloroform-d to a fixed volume of 600±5 l. The tube was placed in 
a thermostated probe. The conversion C5a→C5b was then followed by the conventional 31P 
NMR technique. All reactions obeyed a first-order rate law until over 90% of the reaction. 
Relative concentration of C5a vs. time data were acquired from 
31
P NMR signal areas of C5a 
and C5b and fitted to the equation ln(a0/at) vs. t (a0 = relative concentration of C5a before 
heating = 100%; at = relative concentration of C5a at completion of the reaction) to obtain 
first-order rate constants kobs from least-squares slopes (standard error are also given). 
Activation parameters were derived from a linear least-squares analysis of ln(kobs/T) vs. T
-1
 















ln                                                                                            (Eq. 5.1) 










h = 4.14 x 10
-15
 eV S 
 
and are listed in Table 4.9. 
 
6.5 X-ray Structure Analysis  
 
X-ray single crystal intensity data for structures were collected on a Nonius Kappa-CCD (C1, 
C2a, C2b, C3, C4 and C9) or a Bruker KAPPA APEX II DUO (C5a, C5b, C7 and C13) 
diffractometers using graphite monochromated MoK radiation ( = 0.71073 Å). 
Temperature was controlled by an Oxford Cryostream cooling system (Oxford Cryostat). The 
strategy for the data collections was evaluated using the Bruker Nonius "Collect” program. 
Data were scaled and reduced using DENZO-SMN software.
6
 An empirical absorption 
correction using the program SADABS
7
 was applied.    
 
The structure was solved by direct methods and refined employing full-matrix least-squares 
with the program SHELXL-97
8
 refining on F
2
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program PovRay and graphic interface X-seed.
9
 All the non-hydrogen atoms were refined 
anisotropically. The hydrogen atoms were placed in idealised positions in a riding model with 
Uiso set at 1.2 or 1.5 times those of their parent atoms and fixed C-H bond lengths. The 
structure was refined successfully with final R = 0.0330. The parameters for crystal data 
collection and structure refinements, the bond lengths, angles, torsion angles and other 
molecular parameters (data sets 1 – 13) and the CIF files are given in Support Information. 
 




The hardware used for the molecular modelling is the “Sun Hybrid System” based at the 








All computational results in this study were calculated using the DMol
3
 density functional 
theory (DFT) code
11
 as implemented in Accelrys MaterialsStudio (Version 5.5). DFT was 
used since it usually gives realistic geometries, relative energies and vibrational frequencies 
for transition metal compounds. The nonlocal generalized gradient approximation (GGA) 
exchange-correlation functional was employed in all geometry optimizations, viz., the PW91 




 utilizes a basis set of numeric atomic functions, 
which are exact solutions to the Kohn-Sham equations for the atoms.
13
 These basis sets are 
generally more complete than a comparable set of linearly independent Gaussian functions 
and have been demonstrated to have small basis set superposition errors. In the present study 
an all-electron polarized split valence basis set, termed double numeric polarized (DNP), has 
been used. All geometry optimizations employed highly efficient delocalized internal 
coordinates.
14 
The use of delocalized coordinates significantly reduces the number of 
geometry optimization iterations needed to optimize larger molecules compared to the use of 
traditional Cartesian coordinates. The tolerance for convergence of the self-consistent field 
(SCF) density was set to 1 x 10
-5
 hartrees, while the tolerance for energy convergence was set 
to 1 x 10
-6
 hartrees. Additional convergence criteria include the tolerance for converged 
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Self-consistent-field (SCF) convergence problems are frequently encountered for open shell 
organometallic systems. To enhance SCF convergence efficiency during optimization of 
stationary points, a small electron thermal smearing value of 0.005 Ha was specified for all 
calculations unless explicitly stated to the contrary. The thermal smearing option in 
MaterialsStudio makes use of a fractional electron occupancy scheme at the Fermi level 




In selected cases optimized geometries were subjected to full frequency analyses at the same 
GGA/PW91/DNP level of theory to verify the nature of the stationary points. Equilibrium 
geometries were characterized by the absence of imaginary frequencies. Preliminary transition 
state geometries were obtained by either the DMol3 PES scan functionality in Cerius
16
 
(Version 5.5, Accelrys, Inc.) or the integrated linear synchro ous transit/quadratic 
synchronous transit (LST/QST) algorithm
17
 available in MaterialsStudio. These preliminary 
structures were then subjected to full TS optimizations using an eigenvector following 
algorithm. All transition structure geometries exhibited only one imaginary frequency in the 
reaction coordinate.  
 
All calculations were performed without the incorporation of solvent effects; motivated by the 
fact that Pd-catalysed ethylene oligomerization is commonly performed in nonpolar solvents 
such as toluene and cyclohexane. All results were mass balanced for the isolated system in the 
gas phase. The reported energies refer to Gibbs free energy corrections to the total electronic 
energies at 298.15 K and 1 atm, unless explicitly stated to the contrary. 
 
The following aspects were investigated with the use of molecular modelling: 
 The role of MAO in the precatalyst activation, i.e. the Pd/MAO interactions according 
to Scheme 2.7 in Chapter 2. This approach was investigated to gain insight into the 
possible active species obtained from Pd/MAO interactions (in Chapter 2). 
 The possible mechanisms of Pd-catalysed ethylene oligomerization based on the 
active species resultant from Pd/MAO interactions, i.e., the Cossee-type and 
metallacycle mechanisms. At GGA/PW91/DNP level, the complete geometry 
optimization and full frequency analysis were performed (in Chapter 2).  
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